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PREFACE

The fundamental concept governing modern practice in the pro-

duction of oil is that all recoverable oil in its undisturbed reservoir

state contains gas in solution ; that such solution has lower viscosity,

lower specific gravity and lower surface tension than gas-free oil

;

and that the expansion of the dissolved gas is in many fields the

single important agent and in most fields a potent agent which moves
the solution to the well.

The petroleum industry owes a deep scientific debt to Mr. Henry

L. Doherty. Mr. Doherty was a self-educated, clear-thinking and

far-sighted technician. He thoroughly enjoyed the challenge which

he sensed in his theory of petroleum reservoir characteristics. If

his theory could be proved as he visualized it, he believed such proof

would result in a tremendously important contribution to the conser-

vation of petroleum resources. With that background and incentive,

he applied himself to an intensive consideration of the nature of

occurrence of oil and, once the solution of the problem appeared

to be within his grasp, he directed his technical men in making basic

scientific tests which should prove or disprove his theory. The
research into the physical nature of the oil-gas solution, conducted

under Mr. Boherty's direction, resulted in the classic paper by
Beecher and Parkhurst on "Effect of Dissolved Gases upon the

Viscosity and Surface Tension of Crude Oil." This notable paper,

presented before this Institute m 1926, placed the gas concept upon

a firmer foundation than it had ever previously had and brought

the whole matter of its application nearer to a quantitative base.

The industry readily accepted Mr. Doherty's concept of gas as

reservoir energy and recognized the need for effectively utilizing

this energy in the production of oil. The principle of optimum or

maximum efficient rate of production is the direct evolution of Mr.

Doherty's early work in gas conservation. With his realization of the

fact that each individual oil pool is a mechanical unit and should

be operated as such regardless of divisions of ownership, he became

the great protagonist of unit operation.

The industry did not at first accept this bold championship of

unit operation with a hospitable mind. Mr. Doherty was a director

of the American Petroleum Institute but at its 1924 meeting in
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Fort Worth his fellow directors refused either to allow him to

make a public presentation of his views from their platform or,

at that time, to accord him a hearing. A special meeting of the

directors was held in Atlantic City in January 1925 to hear him,

and his views were coldly received.

It must always be a matter for pride that the Petroleum Division

of the American Institute of Mining and Metallurgical Engineers

invited Mr. Doherty to use its forum and that the first public and
adequate presentation of his ideas was made by him at its New
York meeting, February 1925. The gas concept was not discovered

by Mr. Doherty. Rather he rediscovered it but, more than anything

else, he made it his own by his vigorous championship of unit

operation.

A certain Mr. Briggs first proposed the familiar soda water

analogy to explain the production of oil, before the American

Philosophical Society in 1865. John F. Carrl, expert to the Second

Pennsylvania Geological Survey, presented it again, using a barrel

of beer as a homely and understandable example, in a report of

that survey, 1880. These early essays were almost forgotten for

many years and it was not until 1913 that the gas concept was

clearly restated. This was in a paper by L. G. Huntley published

by the U. S. Bureau of Mines. J. O. Lewis, then petroleum engineer

in the Bureau—and a few years later its chief petroleum technologist

—failed to recognize the energy function of gas in 1916 but stated

it clearly the following year. He also clearly foreshadowed the

importance of low gas-oil ratios in oil production.

Although the American Petroleum Institute may not have

accorded Mr. Doherty's ideas a friendly reception upon their first

presentation, it soon reversed its attitude. A committee known as

the Gas Conservation Committee was appointed under the chairman-

ship of E. W. Marland which met in September 1927. A technical

subcommittee was formed and reported back in Ponca City on Octo-

ber 17. The material so collected was restudied and a report on

''The Function of Natural Gas in the Production of Oil," by H. C.

Miller, was prepared by the U. S. Bureau of Mines in cooperation

with the American Petroleum Institute and was published by the

Institute in 1929.

Mr. Doherty was not a man for half measures. He proposed com-

pulsory unitization in order to make possible the orderly and efficient

exploitation of oil fields. It was probably the compulsory phase

of his proposal which the industry feared. No one can read this
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volume attentively, however, without realizing how extremely fruit-

ful have been Mr. Doherty's pioneer promotions of unit operation

and how exceedingly great have been the contributions they have

made to modern oil-field practice and conservation.

HENRY L. DOHERTY
MEMORIAL FUND COMMITTEE

J. M. Lovejoy, Chairman.
E. DeGolyer.
W. A. SlNSHEIMER.
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INTRODUCTION

As the production of petroleum in the United States increases

year after year, repeatedly breaking old records and rising to new
heights, it is becoming increasingly apparent to those who study the

source of the supply that the tremendous production of both oil

and natural gas in this country is not the result of chance, is not

the result of boundless native resources, but is, instead, a direct

reflection of scientific and technologic developments and improve-

ments in the search for and resultant discovery of oil and gas, and

in the process of recovery. But for the technologic improvements

that have taken place in both exploration and production the avail-

able supply of oil and gas within the United States would long since

have dwindled to insignificance.

The application of science, engineering, and ingenuity, and the

organization of these through effective management into an efficient

and competent force have achieved conservation in its fullest mean-

ing—not a conservation of hoarding, not a conservation of non-use,

but a positive conservation that consists in finding, developing, and

making available for public use an ever increasing supply in orderly

response to growing needs.

By its very nature, this conservation cannot remain static. It

nourishes its own growth and thrives on its output. It carries an

inherent drive that spurs it forward. This drive comes in part from

the environment within which it has developed. Its stimuli are incen-

tive and opportunity. It is activated by competition and expands

through freedom.

Conservation has not always been a characteristic of petroleum

production. Indeed, inefficient extraction and both physical and

economic waste were typical of the production process for many
years.\The supply was on a precarious basis and was continuously

threatened with dissipation. That situation no longer prevails.

Within the past quarter century there has taken place a technologic

revolution in the process of oil production. Extensive research and

experimentation have reduced to a practical working science the

efficient recovery of oil and gas from underground reserves, and

the supply today rests on a firm foundation of many pools whose
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production is regulated in accordance with scientific requirements

to assure efficient extraction.

Why, then, are we concerned today with conservation? The
answer lies in the abnormal conditions that confront us. World-
wide dislocations have placed upon the material and industrial

wealth of the United States a tremendous burden. So essential is

petroleum that its continued supply in adequate quantity is a matter

of the utmost importance, not alone from the standpoint of our

comfort and convenience, but our very security. It behooves us,

therefore, in spite of the record of accomplishments, to appraise the

status of our supply, to analyze the methods employed to conserve

it, and to develop the basis on which our petroleum industry can,

through its continued efforts, achieve still greater conservation.

This volume is primarily directed to two interested groups in

whose hands lies the further development of conservation: the

petroleum industry, including its royalty owners, and the govern-

ment (national, state, and local, including law-making bodies, courts,

and administrative agencies). For the former, the volume is a

technical^ treatise on conservation and the mechanics of efficient

recovery^ for the latter, it sets forth the principles underlying con-

servation and the reasons for certain practices to achieve it. It is

hoped that this volume will help point the way for further enlight-

ened action in improving the legal and administrative framework

within which the industry can itself advance conservation. To a

great degree conservation of petroleum has been and must remain

a cooperative process. The technologic progress leading to it has

come primarily from within the industry. It is significant that it

has reached its highest state in the United States, where it thrives

under a flourishing competitive system, and not in those parts of

the world where oil is produced by instruments of the state. The

present system of conservation has been developed, however, within

a framework of sound laws and practices designed for its intelligent

regulation.

Although this volume is directed to those immediately con-

cerned, the public, through the myriad advantages of a continuous,

adequate, and stable supply of petroleum products and a vigorous

industry is the ultimate beneficiary of conservation.
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THE CONTRIBUTORS

This volume, like the subject with which it deals, required the

cooperative effort of many people. It represents a departure from

the usual practice of preparation either by a single author or by

various authors whose writings appear as separate chapters individ-

ually prepared. Instead, the attempt throughout this book has been

to weld together into a single continuous whole the individual con-

tributions on many subjects. Each contributor was asked to submit

material on particular topics with the understanding that the final

manuscript would be the responsibility of the Editorial Committee

and that no author need feel responsible for any specific statements

appearing in the volume. Accordingly, participation as contributors

does not signify that those listed subscribe to or support any view-

point expressed.

With the exception of Chapter III, which was generously con-

tributed in its entirety by Dr. K. C. Heald (Gulf Oil Corporation),

this plan was followed, and the manuscript, except for Chapter III,

was prepared by the editor from these contributions and from other

material from both published and unpublished sources. The Com-

mittee takes this opportunity to acknowledge its deep gratitude to

Dr. Heald and to the following additional contributors

:

Stewart P. Coleman—Standard Oil Company (N. J)., with the

assistance of E. S. Neal and E. F. Sibbern

Parke A. Dickey—The Carter Oil Company

A. F. van Everdingen—Shell Oil Company, Inc.

Francis E. Heath—Sun Oil Company

John R. Haley—The Texas Company

H. H. Kaveler—Phillips Petroleum Company

C. V. Millikan—Amerada Petroleum Corporation

G. G. Oberfell—Phillips Petroleum Company (retired), with the

assistance of R. C. Alden and T. W. Legatski

Eugene A. Stephenson—University of Kansas

W. V. Vietti—The Texas Company

In addition, the Committee wishes to make special mention of the

contribution of Robert E. Hardwicke of the Fort Worth, Texas,

Xlll



bar. Mr. Hardwicke agreed to write for this volume a chapter deal-

ing with legal problems, but so much material was available that

the manuscript grew larger and larger, presenting real difficulty in

limiting adequate discussion to chapter length. It was then proposed

to Mr. Hardwicke that the manuscript be completed for publication

as a separate book, tracing, especially from a legal viewpoint, the

conservation movement in which Mr. Doherty was a potent influ-

ence, but pointed toward the history of unit operations and the

effect of antitrust laws on such operations. That has been done. The
book, amply documented, was published by the Institute in 1948

under the title, Antitrust Laws, et al. v. Unit Operation of Oil or

Gas Pools. It is a companion volume to Petroleum Conservation.

A volume of this sort would not have been possible at all were

it not for the work of the many geologists, engineers, and others

who have contributed through their research and field studies to the

technology of petroleum production. Their contributions, particu-

larly those recorded in the published literature, have been drawn

on extensively in its preparation.

The editor wishes also to express his personal appreciation to

Dr. W. V. Vietti, not only for his direct contribution, but for his

assistance and counsel from the preparation of the first outline to

the completion of the final manuscript ; to his own staff of Humble
Oil & Refining Co., including, in particular, Dr. C. R. Hocott and

Mr. R. C. Craze, whose advice and criticism were most helpful

;

and to those many others who reviewed the preliminary manuscript

and offered constructive suggestions.

Stuart E. Buckley

Houston, Texas

June, 1951
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Chapter I

ELEMENTS OF CONSERVATION

THE PETROLEUM INDUSTRY

Continuous Exploration and Development

Provide the Basis

In the minds of many, the present supply of petroleum appears

to be an obvious reflection of the fact that large oil and gas reserves

have been discovered in the past, and the petroleum industry is pre-

sumed to have come into being; for the purpose of liquidating those

reserves to meet the demand. ^Correspondingly, conservation is fre-

quently thought to imply simply the saving of part of the reserves

to meet possible future needs. ^)This erroneous concept, together

with the false corollary that conservation consists merely in hoard-

ing, arises from the fact that the petroleum industry is a mineral

industry, engaged in the exploitation of a natural resource, and the

further premise that all mineral resources are irreplaceable. True

it is that oil and natural gas are not replaced by natural geologic

processes at a rate sufficient to maintain a commercial supply

;

nevertheless, the petroleum industry is not one occupied simply in

liquidation. Taken as a whole, it is a business enterprise engaged

in the continuous discovery, development, and harvesting of new

sources of supply. The proved reserve of petroleum, the mineral

store discovered and proved by past drilling, constitutes the work-

ing stock that is drawn on continuously for the daily supply. This

stock must be maintained through continuous exploration and new

drilling.

Developed Reserves Control the Rate of Supply

The physical nature of oil reservoirs is such that the oil cannot

be withdrawn instantaneously. Although the rate of withdrawal

from any reservoir is subject to control and can be increased or

decreased, there is, nevertheless, a definite upper limit to the rate at

which any oil field can be produced efficiently ; there are both upper

and lower limits to the rate at which it can be produced economically ;

and there are absolute physical limitations on the rate at which it
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can be produced even if all considerations of efficiency and economics

are abandoned. As a practical matter, therefore, the size of the

known and developed oil reserve at any time controls in large meas-

ure the rate at which oil can be produced, but does not control the

duration of time the supply will last. For example, at the end of

1914 the discovered oil reserves in the United States are now known
to have totaled slightly over 7 billion barrels. During the thirty-

five year period from 1914 through 1949 the United States pro-

duced over 35 billion barrels of oil. Although the production dur-

ing the interval was approximately fivefold as great as the reserve

at the beginning, the estimated proved reserves of crude oil on

December 31, 1949, totaled over 24 billion barrels. It is obvious

that the developed reserves in 1914 had only a minor bearing

on the supply during the subsequent years. Also, their contribu-

tion to present production is nil.

Continuity of Supply Depends on Exploration

It is clear from this record that the future supply of petroleum

is determined not so much by past discoveries as by current and

future discoveries. The known reserve at any time fixes merely the

possible withdrawal rate at that time; continuity of supply is

dependent on exploration. Exploration and development drilling, in

turn, are financed primarily by the profits derived from current pro-

duction. Since the relationship between current demand and current

supply largely controls the price of either oil or gas, supply and

demand are usually kept in reasonable balance by the normal work-

ing of economic forces, especially with respect to oil. A tendency of

supply to lag behind demand because of too low a developed reserve

tends to raise prices and profits and thus to accelerate exploration

and development, which increases the reserve and makes a higher

rate of supply available. Conversely, new discoveries and rapid

development of large new fields or groups of fields have at times

made temporarily available an excessive supply, which has resulted

in depressed prices, either locally or nationally, and caused a reduc-

tion in exploration activity. Heretofore, the primary demand has

been for oil, not gas. Since gas is nearly always associated with oil

and is necessarily produced with it, and since gas reserves are often

discovered in the search for oil, an excessive supply of gas does not

have the same effect on total exploration activity as is the case with

oil.



THE FUTURE OUTLOOK

What is the outlook for petroleum?

It is evident from the history of past production that the future

supply of petroleum must come primarily from tomorrow's discov-

eries. Discoveries, in turn, result from the availabilty and use of

venture capital. In essence, therefore, the future continuity of the

supply of petroleum and its products is directly dependent upon the

industrial and financial health and vigor of the petroleum industry.

In this respect the: petroleum industry is typical of all other Amer-
ican industries, and the supply of petroleum, like the supply of all

other commodities, depends upon there being an adequate margin
of profit on the invested capital.

How long will our petroleum last?

Since the petroleum industry is engaged primarily in making
products available through a continuous search for and development

of new supplies, the supply will obviously dry up and vanish only

if one of the following two things should happen

:

a. All the raw material be discovered and consumed, and no

more be available to be found.

b. Prior to discovery of the ultimate total supply of raw mate-

rial, the search for and exploitation of new deposits become
unprofitable.

Categorical answers cannot be given to the question of when,

if ever, either of these conditions might come about.

The Raw Materials

To explore the first condition, the possible complete exhaustion

of the raw material, it is necessary to consider what petroleum is

and whence it comes. Basically, and in its simplest forms, petroleum

consists of liquid crude oil and natural gas, both produced primarily

as fluids from wells. To the extent that oil and natural gas are

used as fuel, petroleum represents but one of many sources of

power. The question might, therefore, be broadened still further to

a consideration of the continuity of adequate and economical power

supplies. At this stage, however, the future becomes indistinct, the

issues being controlled by the possibility, speculative rather than

demonstrated, that power from atomic fission may become a major

industrial factor. An exhaustive long range forecast of the future

role of the petroleum industry in our industrial economy would

require consideration of such broader aspects.



Considered in another light, both crude oil and natural gas are

preponderantly hydrocarbons, materials composed of the elements

carbon and hydrogen. To the consumer these materials are fuels,

lubricants, solvents, plastics, and organic chemicals, with fuels and
lubricants predominating. The petroleum industry may be consid-

ered, therefore, as one engaged in supplying fuels and lubricants,

along with certain specialties, by the discovery, production, and
processing of raw materials. Hydrocarbons constitute today the

bulk of our liquid and gaseous fuels and lubricants. Crude oil and
natural gas are today the cheapest and therefore most readily avail-

able source of these hydrocarbons. However, they constitute by no

means the sole source or the only potentially available source. Large

deposits of hydrocarbons are known in proved reserves of asphalt,

oil shales, tars, and other naturally occurring forms. Deposits of

these materials constitute an ultimate hydrocarbon reserve. They
are exploited on only a small scale because today the exploration

for and production of liquid crude oil and natural gas and their

processing into products provide a cheaper supply. When this con-

dition no longer exists, secondary hydrocarbon reserves can be

exploited.

Synthetic production of hydrocarbons from carbon and hydro-

gen constitutes an additional potential source of liquid hydrocarbon

fuels and lubricants. Hydrogen from steam and carbon from coal

provide the most readily apparent source of this auxiliary reserve.

Synthetic fuels and lubricants from hydrogen and coal constitute

a proved potential reserve, but have been produced commercially

only locally where, through economic or other causes, ample supplies

of liquid crude oil and natural gas have not been available. The
largest exploitation of such a secondary reserve to date was in Ger-

many during World War II.

The interchangeability of crude oil, natural gas, oil shales, and

coal, not as different fuels, but in the form of equivalent and even

identical fuel and lubricant end products, is no longer a speculative

hope; the scientific and industrial know-how exists today for the

conversions on a commercial scale. These auxiliary materials must

be considered, therefore, as part of the supply of raw material. Since

the proved reserves of coal alone are adequate for many centuries,

complete exhaustion of the raw material will not in itself limit the

supply of ''petroleum" products in the foreseeable future. Although

an ultimate and continuing supply may thus be assured on one count,

it is to be expected that sudden surges of demand might produce



temporary shortages should such surges occur at a time when the

maximum rate of availability of the supply is in close balance with

the normal demand.

From the standpoint of the consumers' demands for liquid and

gaseous hydrocarbon fuels and how these demands are to be met in

the future, the situation may be summarized as follows

:

For the present and at least the immediate future, proved

domestic reserves of oil constitute a sufficient working stock to

maintain a rate of supply equal to or exceeding current United

States production. Discovery rates, including extensions proved by

development drilling, have consistently exceeded production. Imports

of crude oil and products constitute a currently available supple-

mental source. Developed reserves of natural gas exceed the require-

ments to meet the present withdrawal rate. Plants for conversion

of methane, of which natural gas is largely composed, into liquid

hydrocarbons have been designed, and one such plant is in opera-

tion. Our natural gas reserves constitute a supplemental supply of

crude-oil equivalent. Further conversion of methane can take place

whenever the increasing costs of finding and producing crude oil

bring methane conversion to the level of being economically com-

petitive.

Future costs of finding and producing crude oil may be expected

to follow, with possible interruptions, a gradually increasing trend

as wells are drilled deeper and as oil becomes harder to find. The
resultant increases in the price of crude oil should bring gradually

an increasing rate of conversion of natural gas, and, eventually,

conversion of solid hydrocarbons, oil shales, and coal. Under the

cost and transportation differentials from one part of the country

to another, local development of different sources of secondary sup-

plies of hydrocarbons may be expected to proceed to some extent

simultaneously.

Key to the Future Is a Vigorous Industry

Because of the tremendous reserves of auxiliary sources, the sup-

ply of petroleum in the form of products will not disappear in the

foreseeable future as a result of exhaustion of raw materials ; hence

it could fail only through the second possible cause, i.e., lack of

profit in the venture, or, in other words, collapse of the petroleum

industry. Under normal conditions such failure would be unthink-

able. As oil reserves become increasingly difficult to locate and more



expensive to develop they will probably be supplemented by imports

of foreign oil, by conversion of natural gas, and, gradually, by con-

version of the other basic raw materials on a growing scale. Increas-

ing costs and reduction of profits from oil and gas production, and
competition to supply fuels and lubricants should dictate the rate

and direction of use of supplemental sources of raw materials. No
sudden cessation of crude oil production is envisioned in any event.

The nature of oil fields is such that they cannot be depleted at will

but must inevitably be produced for years before they become
exhausted. It is to be expected, therefore, that the future supply

of hydrocarbons will eventually pass through a prolonged transi-

tion, during which multiple sources of basic raw materials will be

simultaneously used.

It is not the purpose of this volume to explore the future sta-

bility of the American system of private enterprise or the financial

prospects of the petroleum industry in its many branches. Rather,

its limited purpose is to probe and explain the basic essentials of

conservation in the special field of production of crude oil and nat-

ural gas. The background presented is for the purpose of acquaint-

ing the reader with the basic facts concerning our petroleum supply

and its utter dependence upon a healthy industry.

Intimately related to the need for a continued healthy industry-

is the conservation of that petroleum already discovered and to be

discovered in the future. Conservation is not hoarding; the needs

of our economy today and in the future will not be met by hoard-

ing or non-use of our petroleum resources. Conservation consists in

the prevention of reasonably avoidable physical waste, underground

and aboveground, in efficient recovery and processing, in increasing

the yield.

THE COMMON INTEREST IN CONSERVATION

Rising Costs Provide the Incentive

It should be readily apparent that conservation of petroleum

involves no essential diversities of interest between the public and

a competitive petroleum industry actuated by the profit motive.

Analysis of present and future sources of the supply of petroleum

products and their equivalents clearly shows that each successive

source will be more costly for a barrel of product than its prede-

cessors, products from crude oil being cheaper to produce than

equivalent products by conversion of natural gas, oil shale, and
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coal. Furthermore, it will be the rising costs of production, as crude

oil becomes more difficult to find and must be produced from greater

depths, that will eventually force the introduction and development

of secondary sources of supply. Thus, the long term future trend,

regardless of the source of supply, will be one of rising costs. Under
that condition, each unit in a competitive industry will be forced to

strive for reduced costs through greater efficiency. The most obvious

direction in which to reduce future costs or to postpone their rise

is to increase and prolong the supply of the cheapest source of raw
material, petroleum. Thus, there exists a tremendous incentive to

increase the ultimate recovery of oil from reserves already discov-

ered and developed, and from those yet to be discovered, rather

than to squander those reserves through inefficient production prac-

tices. Inefficient recovery would require replacement of the unrecov-

ered oil by new reserves, increasingly more difficult to discover,

increasingly more expensive to develop.

C From the standpoint of the public, the recovery of a higher per-

centage of the oil from existing reserves keeps costs of products

at a minimum and safeguards supply.) Auxiliary benefits include

continuity of employment and income in oil-producing regions, and

continuity of tax revenue.

(Thus, conservation, as applied to petroleum production, is a

business necessity under a competitive system. Both the petroleum

industry and the public share its benefits!)

BASIC CAUSES OF WASTE

In order to understand how increased recovery of petroleum is

achieved it is necessary to know the manner in which oil and gas

are produced and how the amounts recoverable from an under-

ground reservoir are affected by production practices. It is also

essential, because of the peculiar problems that arise from the fluid

nature of oil and gas, to understand certain elements of the legal

and administrative environment in which the production branch of

the petroleum industry operates.

Although the Federal Government owns large land areas in

many states, most of the land area in the United States is owned

by individuals. As a part of the land, the minerals, including oil

and gas, are largely privately owned. Oil and gas wells are usually

drilled on land leased from the owner, who receives a royalty,

usually a fraction of the production or of its value. The leasing



of land for exploration and development of oil and gas reserves,

whether from private landowners or from the state and federal

governments, is a matter of contract between the oil producer and

the landowner. The contract is in the form of an oil and gas lease.

In the usual oil or gas field there are many landowners and many
lessee-producers. Seldom is an entire oil field contained within land

belonging to a single owner and leased in its entirety by a single

producer.

Conflicts of Interest Arising from Fluid Nature of

Oil and Gas

Unlike the solid minerals, oil and gas, being fluid, are not con-

fined during production to their original underground location.

They migrate to producing wells without regard to lease or owner-

ship boundaries. Thus, in the competitive development of an oil

pool, each producer and each royalty owner must assure himself of

protection of his underground supply of oil or gas against adverse

effects that might be caused by production of his neighbors' wells.

Because of the impossibility of identifying the particular oil or gas

issuing from a well with the particular land under which it might

originally have been located, the courts many years ago established

the principle that, although the minerals are a part of the land, the

owner of a tract has the right to drill wells on it, and he owns the

oil and gas produced from his wells, even though that oil and gas

might be drained from under lands of his neighbors. In the com-

plete absence of any kind of regulation or of any agreement among
all the producers and royalty owners in a pool, it is obvious that

once an oil pool is discovered a competitive race to drill wells and

produce the oil is a practical necessity, for the owner who lags in

drilling, or who fails to get as much oil from his wells as his neigh-

bors produce from their wells, will lose oil by subsurface drainage

to adjacent properties. If he is a lessee he may also be liable to his

lessor for damages by failure to act as would a reasonably prudent

operator to protect against adverse drainage. Lack of either regula-

tion or cooperation thus leads inevitably to a chaotic condition in

the development and production of any newly discovered reserve.

Prior to the development of modern conservation techniques

each new pool was drilled and exhausted as rapidly as was physically

possible in the effort by each producer to get his oil to the surface

and reduced to possession, whether or not a market existed for the
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oil. Waste was inherent in the manner of production and was inevi-

table, both underground and at the surface. Oil that could not be

absorbed by current demands had to be stored, usually for a long

period, and frequently in earthen pits. Fire, leakage, evaporation,

and deterioration took a severe toll. Prices were periodically

depressed to absurdly low levels, business and employment were

disrupted, and cheap oil was squandered. Underground loss of oil

was tremendous, for only that oil was recovered that would flow

readily into a well under immediately available underground forces,

the remainder being left in the ground. The natural gas associated

with the oil was blown to the atmosphere and burned, for condi-

tions did not permit its recovery and utilization. Boom towns were

created overnight and as quickly vanished, leaving only their scars

;

there resulted no stability of employment, no stability of income

to build permanent communities.

Regulation Needed

This waste, with its resultant uncertainty of supply, was not in

the public interest and not in the best interests of oil producers. It

was protested against by leaders in and out of the petroleum indus-

try. The situation was one that obviously called for remedy, but

thoroughly effective remedial measures were not possible until there

had been developed sufficient technologic understanding of the

behavior of oil and gas pools to determine the basic causes of waste

and how to prevent it. As this understanding grew it became appar-

ent that one of the fundamental causes of waste was "wide open" or

unrestricted production. It became equally apparent, however, that

because of the multiplicity of ownership in most oil and gas fields

and the resultant conflicts of interest, efforts of individual pro-

ducers alone could not effectively bring about conservation. Impera-

tive necessity existed for a system of law and order under which oil

and gas could be produced in an efficient manner and under which

a better method than unrestricted drilling and production would
be provided to protect property rights.

A REGULATED CONSERVATION SYSTEM

To a large extent the problems have been solved. There exists

now a system of oil and gas conservation based on sound engineer-

ing principles. In most of the important oil-producing states this

system rests on state statutes defining and prohibiting waste, and is



administered through state regulatory agencies. These statutes and

regulations are supported by court decisions. Under this system it is

possible both to achieve conservation of oil and gas and to give rea-

sonably adequate protection of property rights in oil and gas pools.

Conservation a Cooperative Process

How is waste prevented ?

The prevention of waste in production operations has become a

cooperative process, requiring the simultaneous interaction of a

number of essentials. Each individual producer owes the duty so

to develop and operate his property as to prevent waste and respect

the rights of his neighbors. However, because of the behavior of

oil and gas in underground reservoirs, responsibility for prevention

of waste also rests with the states; authority for its prevention

exists in the police power of the states ; incentive for its prevention

lies in the reduced costs and greater ultimate income that results from
increased recovery. For effective conservation these factors must

be brought together in such manner that through sound regulation,

administered in the light of thorough technical understanding of

the processes of oil and gas recovery, each producer may so operate

his property as to achieve the highest possible ultimate recovery and

at the same time enjoy adequate protection of his property rights.

The Technical and Administrative Requirements

The basic technical concepts underlying the prevention of waste

are dealt with in detail in subsequent chapters of this volume. Their

essence is as follows

:

Control of Production Rate

Unrestricted or "wide open" production of oil causes premature

dissipation and inefficient use of the expulsive forces residing in an

oil reservoir. Exhaustion of the reservoir pressure prior to recovery

of the oil leaves unrecovered a large part of the original reserve.

The first technical requirement of conservation is, therefore, that

the rate of production of each oil reservoir be restricted in suf-

ficient degree to permit proper and efficient use of the expulsive

forces available within the reservoir. Here arises the first and most

urgent requirement for regulation by the states. Unilateral action

by a single producer in restricting his own production in a competi-

tive pool would not be effective, for some of the oil and gas under-
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lying his property would drain to the unrestricted wells of his com-

petitors. Moreover, in most cases he has a legal obligation to protect

his lessor against drainage. Voluntary cooperative action among
all the producers within a given pool to restrict production is dif-

ficult to bring about, partly because of legal implications. The direct

and obvious solution is for the states to restrict production to such

degree and in such manner as to permit efficient exploitation of

each reservoir. Subject to the necessities of waste prevention, the

regulation should, within reasonable limits, give each producer the

opportunity to obtain his fair share of the production from a com-
mon pool.

Control of the Reservoir

Restriction of production alone is not sufficient to guarantee

efficient recovery. Not only must the rate of production be restricted

in order to permit efficient use of the expulsive agents available in a

reservoir, but auxiliary regulations must be employed that spe-

cifically prevent the excessive and premature dissipation of these

agents. Here again any regulation should be reasonable and should

not unnecessarily cause injury or result in discrimination.

Restriction of Total Production to Market Demand

Control of the rate of production and of the naturally available

displacing agents of a reservoir might normally be considered to be

sufficient to guarantee efficient recovery of an oil reserve. However,

a third basic and important requirement arises when the total market

demand for oil from a state is less than the aggregate efficient pro-

ducing capacity of the fields. When that situation arises it becomes

essential, in order to prevent waste, to invoke a still further restric-

tion, to limit the total production to market demand. This phase of

regulation by the states is perhaps the least understood.

It is reasonably obvious that if oil is produced in excess of

market demand the unconsumed production will be stored above

ground, where it is subject to loss through fire, leakage, evaporation,

and deterioration. Such losses constitute above-ground waste. How-
ever, one of the chief reasons for the restriction of production to

market demand is that such restriction is necessary to prevent under-

ground waste of oil. It is this feature that is less commonly under-

stood. A corollary element is that, in order to prevent underground

physical waste in the form of reduced ultimate recovery, it is nec-

11



essary in any restriction of production to provide concurrently a

system that will cause ratable withdrawal of the oil from a common
reserve.

Experience has demonstrated that when the market demand for

oil is less than the amount that can be produced at efficient rates, a

conservation agency cannot bring about ratable production unless

it has the authority to limit production to the demand. The market
demand is the aggregate amount of oil required to meet current

needs for consumption and storage. It is the amount that purchasers

are willing to buy. They cannot be required, by administrative order,

to buy more than they want. Because there are usually multiple pur-

chasers within a given pool, the burden of assuring ratable takings

and protecting property rights of the individual operators, if the

allowed production exceeds the amount that purchasers are willing

to buy, is shifted from the regulating agency to the purchasers.

Unless the purchasers can act in unison in such manner as to pro-

vide proportionate takings from all of the producers, a situation

usually arises in which some producers can produce and sell a greater

share of the permitted production from their wells than their neigh-

bors can, and may thus drain oil underground from their less for-

tunate neighbors. Conditions arise that, to some degree, are similar

to those encountered in completely unrestricted production. Pro-

ducers in less fortunate market positions may be forced to erect

unnecessary storage and to produce oil into such storage to avoid

loss through underground drainage, or, in the event that it is uneco-

nomic to erect such storage, may be forced to suffer loss through

drainage. Unequal withdrawals within a reservoir may lead to

inefficient use of the displacing forces at work in producing the oil.

Such conditions undermine the effects of regulations based solely

on the technical factors involved.

A secondary effect of production in excess of market demand is

that it usually causes distress prices, which, in turn, may make

unprofitable certain production practices required to increase recov-

ery. Distress prices may also cause the premature abandonment of

wells of low capacity, with resultant loss of ultimate recovery.

It is clear from these various considerations that production

materially in excess of the reasonable market demand for an

extended period of time results in physical waste, above ground and

underground. It also leads to drainage of neighbors' lands by some

operators. These evils can be avoided by restricting production so

that it will not exceed the reasonable market demand, and by prop-
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erly allocating the allowed production to the various pools and

producers.*

Requirements for Future Improvement

Great strides have been made in the conservation of oil and gas

during the past twenty years. The conservation system that has been

developed is well balanced, and experience has proved it workable.

In essence, conservation in most of the important oil-producing

states is achieved through a cooperative arrangement in which the

state provides the rules and acts as umpire, but the producers,

through their own initiative, develop the mechanical and technical

improvements that support progress. This flexible system permits

and encourages adoption of efficient recovery practices.

Great as the achievements under this system have been, they

by no means represent the attainment of perfection. Conservation

has come a long way—it has a long way yet to go. The future need

is not a new system but a continuation of the progress that has char-

acterized the past. Stagnation is fatal in a competitive system;

fortunately, it has never been a characteristic of the American

petroleum industry. Competition has fostered innovation and a striv-

ing for ever increasing efficiency. These must be continued in the

future.

The requirements for future progress can be reduced to two

basic essentials, both of which can be provided through the conser-

vation framework now in existence. These essentials are as follows

:

1. The development of new and improved recovery techniques.

These stem from research and experiment and from technical

analysis of field experience. Their chief source in the future as in

the past must be the industry itself. Research in universities, by the

United States Bureau of Mines, and in research foundations sup-

ported by industry play an important auxiliary part.

*The reader who is especially interested in this aspect of conservation will find

the subject of restriction of production to market demand and the necessity for such
restriction to prevent waste dealt with more fully in a statement by Harold B. Fell,

beginning at page 1,830 of Part 4 of Hearings before a Subcommittee of the Com-
mittee on Interstate and Foreign Commerce, House of Representatives, 76th Congr.,
3rd Sess., on H. Res. 290 and H. R. 7372 (Feb. 1940), and in a statement by Robert
E. Hardwicke, beginning on page 1,480 of the same Hearings. The subject is also
discussed by Hardwicke, beginning at page 222 of Legal History of Conservation of
Oil and Gas, A Symposium (1939) and in Market Demand as a Factor in the Con-
servation of Oil, a paper prepared for Legal Institute on Oil and Gas, sponsored by
the Southwestern Legal Foundation, Dallas, Texas, March 23, 1949; and by Hines H.
Baker in Achievements and Unsolved Problems in Oil and Gas Conservation, a paper
presented before the Spring Meeting of the Southwestern District, American Petro-
leum Institute, Division of Production, at Galveston, Texas, March 10, 1949.
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2. The rapid adoption of improved techniques as they are devel-

oped. This must come through effective communication, cooperation,

and intelligent and flexible regulation.

The key to the whole is cooperation, among producers, between
producers and royalty owners, between the industry and state regu-

latory agencies, and among the states.

Subsequent chapters of this volume will show that efficient recov-

ery from an oil or gas pool can best be assured when all producers

therein cooperate to adopt and carry on jointly the most effective

recovery method for the entire pool. Cooperation requires that the

technical information related to improved recovery procedures devel-

oped by one be imparted to others. Improved procedures cannot be

used effectively unless they are known and understood by all. This

poses a particularly difficult and challenging task for the petroleum

industry. Its complex make-up ; the tremendous number of individual

competitive producers; the vital interests of the myriad royalty

owners, many with no understanding of the technical requirements

of efficient recovery practices ; legislative bodies, courts, and admin-

istrative agencies, who must be thoroughly informed, not just as

to broad aspects but as to technical details as well—all have an effect,

direct or indirect, on recovery methods.

Effective channels of communication exist. At the technical

level, the professional societies fill a vital role as forums for the

exchange of scientific information. The Petroleum Branch of the

American Institute of Mining and Metallurgical Engineers, and the

American Association of Petroleum Geologists and its affiliated

societies have played an important part in this activity. At the indus-

try level, producers' associations have provided avenues for the

exchange of both technical information and the results of field

experience. The many technical committees of the American Petro-

leum Institute have contributed materially to progress. Essential

basic facts concerning specific fields are acquired and exchanged

through operators' committees and engineering committees in various

areas. At the state level, the Interstate Oil Compact Commission,

with its engineering, research, and other committees, is an effective

instrument for exchange of information between the regulatory

bodies of the various states and between industry and the state

agencies. The various trade publications carry information to many.

The framework, the avenues of communication, and the instru-

mentalities for cooperation all exist. The task for the future is their

continued and more effective use.
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Chapter II

PETROLEUM RESOURCES

Part One ...OIL RESOURCES

CUMULATIVE OIL PRODUCTION AND ESTIMATED
RESERVES—UNITED STATES

The United States has produced, through the year 1950, a total

of over 40 billion barrels of crude oil during the 90 years since

the first oil well was drilled in this country. Annual crude oil pro-

duction first reached the 100 million barrel mark in 1903 and

touched a billion barrels yearly in 1929. The billion barrel yearly

production was not reached again until 1936, but subsequent

production increased steadily to an all-time high of 2,020,185,000

barrels a year (5,520,000 barrels daily) in 1948. Present rates of

production indicate that this amount may be exceeded during 1951.

An estimate of crude oil reserves made by the United States

Geological Survey in 1922 indicated the discovered reserves in the

United States at that time to be 5 billion barrels. From 1922 to

1936 occasional estimates of reserves are on record, but it was not

until 1936, when the American Petroleum Institute commenced an

annual survey of estimated proved reserves, that regular annual

estimates became available. The estimated proved reserves reported

by the A.P.I, at the end of the year 1936 amounted to 13,063,400,-

000 barrels, and since that time have increased to 25,268,398,000

barrels at the end of 1950.

Table 1 gives the annual crude oil production of the United

States by years from 1900 through 1950, and estimates of reserves,

where available, as of the end of each year.

The estimates of proved reserves are revised annually on the

basis of the information obtained through additional exploration,

development, and production. The estimated proved reserves are

increased through the discovery of new pools and the extension of

known fields through additional drilling. The estimated reserves

of a particular pool may be increased or decreased by revisions

based on additional information obtained during the year from

additional drilling and further production history. The reserves are,

of course, reduced by the amount of oil produced during the year.
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TABLE 1

United States Crude Oil Production and Reserves

Annual* Estimated
Crude OU Year End
Production Reserves

Year 1,000's of Barrels—42 U.S. Gallons

939,984

Source of Reserve Estimate

1869-1899
1900 63,621
1901 69,389
1902 88,767
1903 100,461
1904 117,081
1905 134,717
1906 126,494
1907 166,095
1908 178,527
1909 183,171
1910 209,557

1911 220.449
1912 222,935
1913 248,446
1914 265,763
1915 281,104
1916 300,767
1917 335,316
1918 355,928
1919 378,367
1920 442,929

1921 472,183
1922 557,531 5,000,000 U.S. Geological Survey
1923 732,407
1924 713,940
1925 763,743 5,321,000 A.P.I. Committee of eleven
1926 770,874 4,500,000 Federal Oil Conservation Board
1927 901,129
1928 901,474
1929 1,007,323
1930 898,011

1931 851,081
1932 785,159 10,000,000 Federal Oil Conservation Board
1933 905,656 12,000,000 Valentine Garfias, Petroleum investi-

gation hearing on H. Res. 441
1934 908,065 12,177,000 American Petroleum Institute
1935 996,596
1936 1,099,687 13,063,400 American Petroleum Institute
1937 1,279,160 15,507,268 American Petroleum Institute
1938 1,214,355 17,348,146 American Petroleum Institute
1939 1,264,962 18,483,012 American Petroleum Institute
1940 1,353,214 19,024,515 American Petroleum Institute

1941 1,402,228 19,589,296 American Petroleum Institute
1942 1,386,645 20,082,793 American Petroleum Institute
1943 1,505,613 20,064,152 American Petroleum Institute
1944 1,677,904 20,453,231 American Petroleum Institute
1945 1,713,655 20,826,813 American Petroleum Institute
1946 1,733,939 20,873,560t American Petroleum Institute
1947 1,856,987 21,487,685t American Petroleum Instjtute
1948 2,020,185 23,280,444t American Petroleum Institute
1949 1,841,940 24,649,4891 American Petroleum Institute
1950 1,943,776 25,268,398tt American Petroleum Institute

Total Production
1859-1950 40,889,290

* Annual crude oil production figures from U.S. Bureau of Mines, except for 1950, which is from A.P.I.

t Not strictly comparable with years prior to 1946 due to the exclusion of reserves of cycle-plant
and lease condensate, amounting to 884,967,000 bbls. on 12/31/45.

% On December 31, 1950, the American Petroleum Institute reported 4,267,663,000 bbls. of proved
reserves of natural gas liquids additional to the crude oil reserve of 25,268,398,000 bbls., giving
a total liquid hydrocarbon reserve of 29,536,061,000 bbls. on that date.
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The net change in estimated proved reserves for the year is equal

to the aggregate amount added through new discoveries, extensions,

and upward revisions of the estimates for older pools less the

amount of oil produced during the year and less any downward
revisions of the estimates for older pools.

During the fourteen-year period for which the A.P.I, annual

reserves reports are available nearly 7 billion barrels of reserves

have been added through additions classified by the A.P.I, as new
discoveries, and over 28 billion barrels have been added through

additions classified as revisions of previous estimates and extensions

to known fields, including revisions and extensions for fields dis-

covered during the period. These total additions of approximately

35 billion barrels during the fourteen years exceeded by 13 billion

barrels the production of 22 billion barrels during the same period,

resulting in estimated proved reserves increasing nearly twofold

from 13,063,400,000 barrels at the end of 1936 to 25,268,398,000

barrels at the end of 1950. (The discrepancy between the increase

of estimated proved reserves and the excess of discoveries and addi-

tions over the production for the interval is accounted for by the

fact that up to December 31, 1945, certain liquids from condensate

wells and gas-cycling plants were included with crude oil reserves.

Thereafter reserves of natural gas liquids were separated from
crude oil reserves.)

Table 2 summarizes the A.P.I, estimates of proved reserves

for the years 1937-1950, and Table 3 gives the A.P.I, estimates

of proved reserves by states as of the end of the year 1950.

During the period 1936-1950, additions to estimated proved

reserves classified as revisions of previous estimates and extensions

to known fields were approximately 4.2 times as large as additions

through reported new discoveries. This emphasizes the importance of

revisions and extensions in carrying forward estimates of proved

reserves each year. Large additions through revisions and extensions

are unavoidable in the conventional procedure for estimating proved

reserves. This is because the reserves represent oil actually in sight

in proved areas of fields. The large volume of revisions and exten-

sions reported each year results from the fact that it is impossible

to evaluate a new discovery fully during the year in which the dis-

covery is made. The true amount of reserves in any field cannot be

determined until the size and characteristics of the productive reser-

voir have been completely defined by development, which usually

requires several years.
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TABLE 2

A.P.L Estimates of Proved Reserves—United States
Summary of Committee's Annual Reports Covering Period 1937-1950

(Thousands of Barrels of 42 U. S. Gallons)

-— New Oil Found During Year—
Through Revisions

of Previous Through
Estimates and New Pools

Extensions to Discovered
Year Known Fields During Year

Total Through
New Discoveries,

Extensions and
Revisions

Production
During
Year

Estimated
Proved
Reserves
as of

End of Year

Increase

Over
Previous
Year

1936.

1937.
1938.
1939.
1940.
1941.

1942.
1943.
1944.
1945.
1946.
1947.
1948.
1949.
1950.

2,792,790
2,243,571

2,058,455
1,607,012

1,538,989
1,618,925
1,202,368
1,556,192
1,690,315
2,413,628
2,019,140
3,398,726
2,297,428
1,997,769

928,742
810,493
340,667
286,338
429,974
260,051
282,418
511,308
419,984
244,434
445,430
396,481
890,417
564,916

3,721,532
3,054,064
2,399,122
1,893,350
1,968,963
1,878,976
2,484,786
2,067,500
2,110,299
2,658,062 f

2,464,570f
3,795,207 f

3,187,845f
2,562,685t

1,277,664
1,213,186
1,264,256
1,351,847
1,404,182
1,385,479
1,503,427
1,678,421
1,736,717
1,726,348
1,850,445
2,002,448
1,818,800
1,943,776

13,063,400
15,507,268
17,348,146
18,483,012
19,024,515
19,589,296
20,082,793
20,064,152
20,453,231
20,826,813
20,873,560
21,487,685
23,280,444
24,649,489
25,268,398

2,443,868
1,840,878
1.134,866
541,503
564,781
493,497

(—)18,641
389,079
373,582
931,714
614,125

1,792,759

1,369,045
618,909

t Not strictly comparable with years prior to 1946 due to the exclusion of reserves of cycle-plant and lease condensate
amounting to 884,967,000 barrels on 12/31/45.

The shortcomings of estimates of reserves based on current

data are recognized. In order to give a more correct picture of the

history of discoveries and reserves it has now become frequent prac-

tice to correct past estimates by applying to the discovery year of

each field all revisions and extensions to reserves made subsequent

to discovery. This results in fairly accurate estimates of discoveries

and reserves for older fields, inasmuch as the bulk of revisions and

extensions to estimated reserves of the average field occur within

the first few years after discovery.

Analysis of the history of the reserves of young fields shows that

on the average an estimate of ultimate recovery made at the end

of the discovery year will eventually increase severalfold as the result

of subsequent extensions and revisions. The largest revisions are

usually made during the first year after discovery; the amount of

increase becomes less each year, until after a number of years the

volume of reserves in the average field becomes fairly well defined.

Table 4 gives the P.A.W. (Petroleum Administration for

War) estimates of discoveries from 1914 through 1944 determined

by assigning all revisions and extensions to the year of discovery

for each field.

Table 4 presents a relatively accurate history of reserves
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TABLE 3

Estimated Proved Reserves of Crude Oil in the United States

(Thousands of Barrels of 42 U. S. Gallons)

Changes in

Proved Reserves Proved Reserves Proved Reserves
Proved Reserves Due to Extensions Discovered in as of

as of (New Crude Oil) New Fields and in Production December 31, 1950
December 31, and Revisions New Pools in Old During 1950 (Columns 1+ 2 + 3

1949 During 1950 Fields in 1950* less Column 4)

(0 (2) (3) (4) (5)

Alabama 3,547 2,376 116 643 5,396
Arkansas 297,463 69,163 4,284 29,201 341,709
California 3,822,751 227,673 10,745 327,607 3,733,562
Colorado 344,812 15,215 2,590 23,088 339,529
Illinois 468,138 150,509 8,582 63,011 564,218
Indiana . 50,209 7,440 9,969 10,246 57,372
Kansas 738,390 73,680 27,698 107,581 732,187
Kentucky 56,168 7,676 2,415 10,388 55,871
Louisiana 1,909,769 396,285 79,342 200,259 2,185,137
Michigan 66,496 26,729 1,409 15,917 78,717
Mississippi 402,860 15,819 2,900 35,874 385,705
Montana 112,393 7,141 240 8,502 111,272
Nebraska 1,624 5,368 4,033 1,325 9,700
New Mexico. . .. 592,222 31,065 12,418 43,723 591,982
New York. . .... 62,900 ... ... 4,092 58,808
Ohio 27,703 2,875 ... 3,314 27,264
Oklahoma....... 1,329,918 193,331 37,531 163,867 1,396,913
Pennsylvania.... 103,356 15,000 ... 11,996 106,360
Texas 13,509,732 551,170 338,669 817,929 13,581,642
Utah 15,831 7,000 25 1,227 21,629
West Virginia... 37,992 3,500 350 2,800 39,042
Wyoming 691,602 188,434 21,600 60,620 841,016
Miscellaneous f... 3,613 320 ... 566 3,367

Total U.S. 24,649,489 1,997,769 564,916 1,943,776 25,268,398

* Only a limited area is assigned to each new discovery, even though the committee may believe that eventually a

much larger area will produce; for, in tiiLs report, the concern is only with actually proved reserves.

t Under Miscellaneous are included Florida, Missouri, Tennessee and Virginia.

through the year 1935, but the indicated reserves for the later years

are subject to important corrections, owing to future revisions and

extensions yet to be made to reserves of fields discovered in the

more recent years. Average experience indicates that figures

reported at the end of 1944 for reserves found in fields discovered

in 1936 will ultimately increase by a relatively small percentage

;

however, the amount of probable correction becomes greater in the

more recent years, and for the most recent year amounts to a prob-

able increase to severalfold the original estimate.

Chart I illustrates the difference between a conventional type of

estimate of proved reserves, such as prepared by the A.P.I. , and

reserves estimates of the type in which past revisions and extensions

are credited to the discovery year for each field. Over the period
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from 1922, when a conventional type of reserves estimate was first

prepared by the United States Geological Survey, until about 1938,

the general trends in proved reserves shown by the two types of

estimate are roughly parallel. Beyond 1938 the two types of estimate

TABLE 4

Fmidcm^ntcd Position* of Crude Oil Producing Industry—United States
(Millions of Barrels)

Ratio Proved
Gross New Reserves Discoveries Reserves Ratio

Production Discovered

—

to End of Year Reserves to

Year (Bureau of Mines) Gross (P.A.W.) Production (P.A.W.) Production

1914 266 219 .82 7,320 27.52
1915 281 587 2.09 7,626 27.14
1916 300 750 2.50 8,076 26.92
1917 335 684 2.04 8,425 25.15
1918 357 452 1.27 8,520 23.87
1919 378 1,440 3.81 9,582 25.35
1920 443 811 1.83 9,950 22.46
1921 471 2,156 4.58 11,635 24.70
1922 558 913 1.64 11,990 21.49
1923 732 810 1.11 12,068 16.49
1924 714 599 .84 11,953 16.74
1925 763 345 .45 11,535 15.12
1926 772 2,000 2.59 12,673 16.42
1927 900 1,404 1.56 13,267 14.74
1928 902 2,105 2.33 14,470 16.04
1929 1,007 1,357 1.35 14,820 14.72
1930 898 5,482 6.10 19,404 21.61
1931 851 2,080 2.44 20,633 24.25
1932 786 540 .69 20,387 25.94
1933 905 626 .69 20,108 22.22
1934 908 1,880 2.07 21,080 23.22
1935 996 2,115 2.12 22,199 22.29
1936 1,100 1,627 1.48 22,726 20.66
1937 1,279 2,454 1.92 23,901 18.69
1938 1,214 2,115 1.74 24,802 20.43
1939 1,265 818 .65 24,355 19.25
1940 1,353 1,539 1.14 24,531 18.13
1941 1,402 1,269 .91 24,388 17.40
1942 1,387 840 .61 23,836 17.19
1943 1,505 936 .62 23,262 15.46
1944 1,678 659 .39 22,243 13.26

* Quoted from report on the cost of finding, developing and producing crude petroleum submitted to the Office of

Price Administration by the National Crude Oil Advisory Committee— February 11, 1946.

converge. The conventional type of estimate gives the impression

that, on the whole, our reserves have increased steadily throughout

the years. On the other hand, the type of estimate in which past

revisions are credited to the applicable year of discovery gives the

impression that reserves have declined since 1938. This latter impres-

sion is not correct. If revisions are to be credited to the year of dis-

covery for each field, then all revisions, both past and probable
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Chart I—ANNUAL RECORD OF U. S. RESERVES
Comparing the Conventional Type of Reserve Estimate with Estimates

in Which Allowance Is Made for Past and Average Expected Future

Extensions and Revisions to Reserves of Known Fields
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future revisions, of all known fields must be added if a true rela-

tionship between past and present reserves is to be obtained.

The shaded area of Chart I indicates the order of magni-

tude of the revisions, as estimated from past experience, that would
normally be expected to be made in the future to the estimated

proved reserves of present known fields. The inclusion of the antici-

pated future revisions brings the comparison of past and present

reserves into a more proper relationship and indicates that there has

not been a decrease in reserves. The chart does indicate, however,

that during the period from 1938 to 1949 reserves did not increase

at a rapid rate.

Chart II shows the history of the discovery and production of

crude oil in the United States, including the cumulative production,

the annual and cumulative discoveries, and the ratio of reserves to

production for the years 1914 through 1949.

ELEMENTS OF COST OF FINDING AND DEVELOPING
OIL RESERVES—UNITED STATES

The petroleum industry is accustomed to studying its over-all

costs under three subdivisions: "Finding Costs," "Development

Costs," and "Operating Costs." Finding costs represent the money
spent in finding and acquiring reserves ; development costs represent

the money spent in drilling wells and building facilities necessary

to produce oil and gas; and operating costs represent the cost of

producing oil and gas from properties on which they have already

been discovered and developed.

Finding Costs include the costs of geological and geophysical

exploration, the bonus or purchase price paid for leases, rentals

paid on exploratory acreage, and the cost of drilling dry holes.

Information is not available industry-wide covering the major ele-

ments of finding costs. For this reason it is not possible to arrive at

specific figures for the cost of finding oil. It is possible, however, to

indicate the general trend in finding costs by comparing the dis-

coveries reported each year by the A.P.I, with various measures of

exploration activity.

Table 5 gives data on exploratory drilling, geophysical activity,

and the estimated volume of new discoveries for the years 1936-

1949. The drilling and geophysical data show that the rate of

exploration activity has increased steadily during this period. The

amount of new oil discovered each year has fluctuated over a rather

22



Chart II—PRODUCTION AND DISCOVERY HISTORY,
UNITED STATES

Discoveries Based on Crediting to Year of Discovery All Past and
Average Expected Future Revisions to Reserves of Known Fields
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TABLE 5

Exploratory Activity and Discoveries—United States

Exploratory Statistics Seventeen
Major Producing States8

Total Dry Exploratory Wells Geophysical Activity1

Dry Holes • Number of Crewa Reported
Field and Average New Field » Discoveries

Wildcat Depth Discovery Gravity Millions of

Year Wells1 Number Feet Wells Seismograph Meter Barrels*

1936 5,695 Not available 175 35 No* availabk
1937 6,730 Not available 210 40 929
1938 6,133 2,264 3,225 226 205 40 810
1939 6,670 2,396 3,176 175 185 40 341
1940 6,770 2,618 3,298 238 190 45 286

Annual Average. .. . 6,399 2,426 3,233 219 195 4® 591

1941 6,984 2,716 3,493 281 190 55 430
1942 5,684 2,690 3,678 263 220 60 260
1943 5,952 3,144 3,892 288 250 70 282
1944 6,751 3,672 4,147 330 300 120 511
1945 7,231 4,178 4,022 335 340 155 420

Annual Average. .. . 6,520 3,284 3,846 300 260 00 S80

1946 8,503 4,419 3,890 313 370 130 244
1947 9,546 5,138 3,935 378 420 120 445
1948 11,512 6,164 3,941 471 470 115 396
1949 12,597 6,996 3,668 480 480 90 890

Annual Average. .. . 10,540 5,704 3,858 410 435 115 494

1 Figures from World Oil
2 Dr. Frederic H. Lahee—Sun Oil Company. Figures cover California,New Mexico, Texas, Oklahoma, Kansas, Arkansas,

Louisiana, Mississippi, Illinois, Indiana, Michigan, Colorado, Wyoming, Montana, Nebraska, Kentucky, and Alabama.
8 1936-1939 compiled by Standard Oil Co. (N. J.); 1940-1949 adapted from data of E. A. Eokhardt
4 A.P.I, estimates of reserves added through new pools discovered during year. (These reported discoveries are not

corrected for revisions made in subsequent years.)

a
.

- .. ,'«b-

wide range, and the average trend is somewhat obscure. Although
the data on new oil discoveries do not include estimated future

revisions, and are therefore only indicative rather than a true

measure of the amount of new oil actually discovered each year,

the data suggest that the rate of discovery has not increased, on
the average, as rapidly as exploration activity. If this is a true

trend it indicates that the average cost of finding new reserves is

increasing. The finding cost is also increasing as a result of the

gradually increasing average depth of exploratory wells.

The tendency of costs to rise is held in check primarily through

technologic improvements and increased efficiency. Unless such im-

provements of conventional exploration methods can in the future

overcome the increasing difficulties of rinding and drilling for new
oil, or unless more effective exploration methods than those now
available are developed, future costs of finding new oil may be

expected to follow an upward trend.

Development Costs include the cost of drilling wells, together

with the cost of facilities necessary for the production of oil and
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gas. The only industry-wide data available that give an indication

of the trend in development costs are data on the number of wells

completed, the average depth of productive wells, and the average

development cost for each foot drilled. Inasmuch as drilling is the

major cost in normal oil-field development, the trend in the cost

of drilling indicates the trend in over-all development costs. Table

6 gives data on well completions and costs for the period 1936-

1949. These data indicate an upward trend in development costs.

TABLE 6

Well Completion Data and Estimated Development Costs—United States

Productive
Oil and Gas Average Average Cost

Wells Depth per Foot
Year Completed1 Feet1 Drilled 2

1936 20,755 2,861 $ 8.77
1937 24,981 2,974 8.41
1938 20,457 3,095 8.58
1939 19,630 3,042 7.63
1940 21,248 3,073 Not available

Annual Average, 1936—1939 ...

.

21,414 3,015 $8.34

1941 22,054 3,158 $ 7.55
1942 12,922 3,269 8.96
1943 11,156 3,186 11.11
1944 15,456 3,467 12.79
1945 16,371 3,679 Not available

Annual Average, 1941—1944. . .

.

15,591 3,351 $10.10

1946 19,472 3,514 Not available

f

1947 '. 21,287 3,569
1948 25,147 3,564
1949. . 24,715 3,717

Annual Average 22,655 3,591

1 Figures from Oil Weekly, 1936-1940 average depth all completions; 1941-1945 average depth productive wells only.
8 From Report on the Cost of Finding, Developing, and Producing Crude Petroleum submitted to the Office of Price

Administration by the National Crude Oil Industry Advisory Committee, February 11, 1946.

t Private estimates indicate the average cost per foot drilled increased 42% during 1945-1949.

The average depth of productive wells has increased steadily

over the years, and in recent years the average cost of each foot drilled

has increased sharply. The increasing cost of development is a

hindrance to the further expansion of petroleum production. Reduc-

tion in development cost, like in finding cost, is dependent on tech-

nologic progress and increased efficiency. Increasing costs per well

may be offset by the more efficient use of wells. Avoidance of un-

necessary drilling, development of each reservoir as a single geologic

unit with the minimum number of wells required for efficient

recovery, and the use of more efficient recovery methods offer the

best prospects for future reduction of development costs.
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CRUDE OIL PRODUCTION AND RESERVES-
WORLD-WIDE

There has been a tremendous growth in world consumption of

petroleum in the more than 90 years since the first oil well was

completed in the United States. During this period petroleum has

played an important part in the industrial and economic progress

of the world. Since its early use primarily as an illuminant, petro-

leum has helped supply the fuel and lubricants necessary for the

industrial and motor era of the 20th century.

Estimated Past and Present Rates of Consumption

The drilling of the first oil well in this country in 1859 stimu-

lated activity in other areas, and world crude oil production in-

creased from an average of less than 500 barrels daily in the 1857-

1860 period to more than 400,000 barrels a day at the turn of the

century. Complete records are not available on the actual amounts

consumed in the early years, but in 1900 the United States domestic

requirements for oil were about 100,000 barrels daily. The re-

mainder of the world at that time was consuming 300,000 barrels

daily.

As a result of the use of fuel oil for generating power, and the

development of the internal combustion engine, with its demand for

gasoline, consumption of crude oil continued to expand. At the

outbreak of World War I the world demand had risen to 1,000,000

barrels a day, more than double the 1900 rate. Consumption of oil

in the United States in 1914 accounted for more than half of the

world total.

There was a sharp increase in demand for oil brought about by

developments during the first World War. World-wide consumption

in 1918 was 50% greater than the 1914 rate, with an average of

1,500,000 barrels daily being consumed. The greater part of this

increase was in the United States, as conditions abroad reflected to

a greater degree the adverse effects of the war. Domestic demand

in this country in 1918 averaged almost 1,000,000 barrels a day.

The industrial expansion between the end of the first World
War and the beginning of World War II ; the tremendously

increased use of passenger automobiles, trucks, and busses ; and the

increased heating of homes with automatic oil burners were all
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reflected in the growth of oil consumption during the 1919-1938

period. Except for two years, 1931 and 1932, during the depression,

there was a steady increase each year in world consumption of oil.

In 1938 world requirements were 5,600,000 barrels daily, or nearly

four times the 1918 rate. The domestic demand in the United States

had increased to 3,100,000 barrels a day, and foreign demand had

increased to 2,500,000 barrels daily.

The second World War created a record demand for oil. In

1945, the final year of the conflict, the world demand was estimated

at about 7,500,000 barrels a day. The demand would have been

greater had supplies been available, for during the war period it was

necessary to restrict unessential uses in order to provide the amounts

required by the military.

Despite post-war restriction on consumption in a number of

areas, world demand for petroleum products continued to climb to

record levels each succeeding year.

Estimates of world demand for oil from 1900 through 1949 at

five-year intervals are shown in Table 7.

A continuation of technologic advances in discovering, produc-

ing, refining, and utilizing petroleum should lead to further increases

in consumption for many years to come.

The past record of oil consumption in the United States shows

an average increase during the last thirty years at the rate of slightly

over 5% a year. This rate of increase of consumption cannot, of

course, be maintained indefinitely, but all available data indicate that

substantial further increases will occur before any tendency toward

leveling off will materialize.

TABLE 7

Estimated World Demand for Oil
(Barrels of 42 Gallons, Daily)

Year World United States Foreign Countries

1900 400,000
1905 573,000
1910 874,000
1915 1,074,000
1920 1,863,000
1925 2,930,000
1930 4,107,000
1935 4,676,000
1940 6,103,000
1945

*

7,516,000
1949 9,744,000
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100,000 300,000
270,000 303,000
448,000 426,000
553,000 521,000

1,245,000 618,000
1,992,000 938,000
2,536,000 1,571,000
2,695,000 1,981,000

3,625,000 2,478,000

4,857,000 2,659,000
5,792,000 3,952,000



Distribution of Present Production and
Estimated Proved Reserves

The total world production of crude oil from the beginning

of the industry through the year 1949 was approximately 61 billion

barrels, of which 39 billion barrels or 64% was produced by the

United States and 22 billion barrels or 36% was produced by for-

eign countries.

During the year 1949 total world production amounted to

3,400,000,000 barrels, or an average rate of 9,320,000 barrels daily.

At the beginning of the year 1950 estimated world-wide proved

reserves of oil were estimated at 117 billion barrels. Foreign coun-

tries produced 4,278,000 barrels daily in 1949 and contained esti-

mated proved reserves of 92 billion barrels, as compared to produc-

tion of 5,042,000 barrels daily and estimated proved reserves

of 25 billion barrels in the United States. Estimated world-wide

proved reserves of oil as of January 1, 1950, by major producing

regions are compared with the 1949 production in Table 8.

Table 8 indicates the high rate at which the United States

is producing its proved reserves as compared with the rest of the

TABLE 8

Production and Estimated Proved Reserves by Major Oil-Producing Regions of

World*

1949 Production Proved Reserves 1/1/50

1,000's of % Millions %
Barrels Total of Total

Western Hemisphere Daily World Barrels World

United States 5,042 54.

1

24,649 21 .0

Balance North America 224 2.4 2,198 1.9
N. W. South Americaf 1,450 15 .

5

9,370 8 .

Balance South America 120 1.3 594 0.5

Total 6,836 73.3 36,811 31.4

Eastern Hemisphere

Europe and Russia! 835 9.0 6,826 5.8
Near and Middle East+ 1,446 15.5 71,632 61.0
Oceania 190 2.0 1,938 1.7
Balance Eastern Hemisphere 13 0.2 137 .

1

Total 2,484 26.7 80,533 68.6

Total World 9,320 100.0 117,344 100.0

* Tabulation compiled by Standard Oil Co. (N.J.)

t Venezuela, Colombia, Ecuador, Peru.

\ Estimates for Russia are highly speculative, as no reliable information is available.

* Includes Egypt.
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world. It also shows the low rate at which the huge resources of

the Near and Middle East are being withdrawn. The United States,

with only 21% of the world's estimated proved reserves, produced

54% of the world production during 1949, whereas the Near and

Middle East, with 61% of the world's estimated proved reserves,

produced only 15.5% of the world production. In other words, the

United States produced at three and one-half times the rate of the

Near and Middle East even though it has only about one-third the

proved reserves of that area. The relatively large production in the

United States in comparison with the rest of the world is a direct

reflection of its much greater industrial development.

Part Two . . . NATURAL GAS RESOURCES

CUMULATIVE GAS PRODUCTION AND
ESTIMATED RESERVES—UNITED STATES

There are no comprehensive statistics available on the total pro-

duction of natural gas in the United States covering the whole

period from the beginning of the industry. However, from the

rather complete data for recent years, and from the close parallel

between the growth of production of natural gas and that of oil,

it is possible to arrive at reasonable estimates of the history of

natural gas production.

The earliest estimate of natural gas reserves in the United States

was apparently made by E. W. Shaw in 1919. Since 1945, esti-

mates of the proved recoverable reserves of natural gas have been

made annually by the Committee on Natural Gas Reserves of the

American Gas Association.

Production

During the early days of the petroleum industry much of the

gas produced with oil was blown to the atmosphere, and many years

passed before methods were devised for measuring large movements
of gas through a pipe line. In 1906 the United States Geological

Survey made a canvass of the gas industry and attempted to obtain

comprehensive data on the volume of natural gas produced and used
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by consumers. That survey provided statistics by states of the

volume of production and consumption of natural gas, the number
of consumers, and the value at points of consumption. Since that

time, annual surveys of natural gas production and use have been

made by either the United States Geological Survey or the United

States Bureau of Mines.

The growth of production of natural gas in the United States

since 1900 is reflected in Chart III, which shows the annual

marketed production. This chart is based on data published by the

United States Bureau of Mines for 1906 through 1949. Figures

for years prior to 1906 are estimates based on other data published

by the Bureau on the fuel value of coal displaced by gas. Shown
also in Chart III, for comparison, is the annual consumption of

liquid fuels (principally from crude oil) in the United States.

The close similarity in growth of the consumption of natural gas

and oil is readily apparent.

It should be noted that the scales employed in Chart III are

chosen to emphasize the parallel growth of consumption of oil and

gas rather than their relative absolute importance in terms of fuel

value. As is shown in Chart V, the total energy consumed as oil

substantially exceeds that consumed as natural gas.

Although the total percentage increase in natural gas marketed

and oil consumed has been approximately the same since 1910, it is

significant that during the past few years the volume of marketed

gas has accelerated annually at a faster rate than the rate of increase

of the demand for oil. Marketed production of natural gas in 1949

was 30% higher than the volume for 1946. Over the same three-

year period the consumption of oil rose only 18%.
The rapid acceleration in marketed production of natural gas

has resulted in large part from the rapidly increasing interstate

transportation through new pipe lines built or converted for trans-

portation of natural gas since the war. Over 90% of the increase

in marketed production of natural gas during 1949 over 1948 was

accounted for by increased interstate movements. Because of the

rather large number of interstate pipe lines now under construction

or planned for the near future it is to be expected that the volume

of marketed production of natural gas will continue to increase at

a rapid rate through at least the next few years.

The relation of marketed production of natural gas to the esti-

mated total natural gas production, and the sources of the produced
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Chart III—NATURAL GAS MARKETED AND OIL CONSUMED,
UNITED STATES
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gas, as estimated by the United States Bureau of Mines, are shown
in Table 9 for the year 1949.

It will be noted from the tabulation that approximately 66%
of the total production of natural gas during 1949 was from gas

wells and 34% from oil wells, and that four states, Texas, Louisi-

ana, California, and Oklahoma, accounted for over 80% of the

total.

It may be noted, also, in this tabulation that approximately 1 1%
of the total produced natural gas is listed as vented and wasted. This

wasted gas is preponderantly gas produced with oil from oil wells,

commonly known as casinghead gas. As will be shown in later

chapters dealing with the recovery of petroleum, some natural gas

is almost always associated with oil in underground reservoirs, and

TABLE 9

Gross Production and Disposition of Natural Gas in tlie United States, by States, in

1949, in Millions of Cubic Feet

Estimated Production1 Estimated Disposition

From From Marketed Vented
State Gas Wells Oil Wells Total Production2 Repressuring and Wasted8

Arkansas 37,500 30,870 68,370 47,788 15,431 5,151
California 217,000 518,800 735,800 550,903 173,954 10,943
Colorado 6,500 7,750 14,250 8,490 370 5,390
Illinois 350 37,500 37,850 12,391 3,566 21,893
Indiana 250 1,900 2,150 334 927 889
Kansas 237,800 86,600 324,400 294,078 3,339 26,983
Kentucky 46,700 9,350 56,050 51,851 1,286 2,913
Louisiana 785,250 240,250 1,025,500 732,845 185,533 107,122
Michigan 14,350 6,600 20,950 14,753 413 5,784
Mississippi.... 74,100 38,000 112,100 68,062 38,603 5,435
Montana 33,100 3,750 36,850 35,291 183 1,376
New Mexico.. 49,920 191,700 241,620 204,961 7,109 29,550
New York 3,600 170 3,770 3,693 72 5
Ohio 47,400 1,700 49,100 46,512 2,087 501
Oklahoma 373,200 258,000 631,200 435,262 26,920 169,018
Pennsylvania.. 81,500 3,500 85,000 84,739 170 91
Texas 2,740,000 1,082,000 3,822,000 2,588,921 798,211 434,868
Utah 6,150 210 6,360 6,126 — 234
West Virginia. 178,300 7,000 185,300 181,176 1,633 2,491
Wyoming 52,450 35,000 87,450 50,815 13,398 23,237
Other States4 .. 706 49 755 745 — 10

Total 1949.... 4,988,326 2,560,699 7,546,825 5,419,736 1,273,205 853,884
Total 1948.... 4,588,547 2,590,230 7,178,777 5,148,020 1,220,579 810,178

1 Marketed production plus quantities used in repressuring, vented and wasted.

2 Includes gas utilized, stored and lost in transmission.

s Includes gas (mostly residue) blown to the air, but does not include direct waste on producing properties, excep t

where data are available.

4 Florida, Missouri, North Dakota, South Dakota, Tennessee, and Virginia.
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it has certain functions to perform in the recovery of oil. Its

production along with crude oil is unavoidable in the oil-production

process. In the past, much of the gas that was produced with oil

was wasted, largely because many oil fields were located in regions

having no available market or use for the gas, or because the price

of gas at the well did not justify the expense of gathering and

preparing the casinghead gas for market. That situation has changed

rapidly since the war, partly because expanded markets and better

prices have removed to a great degree the cause of waste of the gas,

and partly because of greater efforts to conserve the gas through

injection into underground reservoirs, either for storage or to effect

additional oil recovery. Waste of casinghead gas is fast disappearing

except in isolated localities where the small volume of available gas

or its remoteness from an outlet still make its marketing or other

disposition impractical.

Natural Gas Reserves

The estimated proved recoverable reserves of natural gas in

the United States as of Dec. 31, 1950, as reported by the Committee

on Natural Gas Reserves of the American Gas Association, totaled

approximately 186 trillion cubic feet. Details of the estimate by

states are presented in Table 10.

The estimated proved reserves of natural gas as presented

include the gas in both the drilled and certain undrilled portions

of the fields. The various undeveloped areas considered to have

proved reserves are those so located with respect to field geology

and structure that production therefrom is practically assured.

Recoverable reserves of natural gas are the reserves estimated to

be producible under existing operating practices. The recovery

factors or abandonment pressures used differ with the character-

istics of each field and the economics of each region.

Particularly of interest in connection with these estimates is the

distribution of the reserves as to the type of occurrence. Approxi-

mately 70% of the reserves is classed as non-associated gas, i.e.,

gas that is not in contact with oil in the reservoir. Some 15% is

classed as associated gas, which is gas in immediate contact with oil

in the reservoir, and 14% is classed as gas in solution in oil.

The tremendous concentration of the estimated proved reserves

of natural gas in the southwestern part of the United States should
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also be noted. The states of Kansas, Louisiana, Oklahoma, and

Texas are credited with approximately 84% of the presently proved

reserves, and the state of Texas alone accounts for 55% of the

total.

The growth of the proved reserves of natural gas in the United

States is shown by Chart IV, which is based on published estimates

from various sources, as listed in Table 11.

It is interesting that the trend shown in Chart IV has been one

of a consistent increase in reserves, the indicated increase being over

tenfold in the thirty-year period from 1920 to 1950. Estimated

proved reserves of natural gas have increased at a substantially

faster rate than have the estimated proved reserves of oil, the latter

having increased only fivefold over the same thirty-year period.

In terms of fuel value, 6,000 cubic feet of natural gas is approxi-

mately equivalent to one barrel of oil. The present estimated proved

reserves of 186 trillion cubic feet of natural gas are therefore equiva-

lent in fuel value to approximately 31 billion barrels of oil, a

quantity some 20% greater than the present estimated proved crude

TABLE 11

Summary of Estimates of Natural Gas Reserves, 1919-1950

Year Estimated Reserves
(Jan. 1) Trillions of Cubic Feet Estimate By

1919
~

15~ E. W. Shaw
1926 23 Not identified

1931 46 Earle P. Hindes
1935 62 Ralph E.Davis
1938 66 Ralph E. Davis
1939 70 Lyon F.Terry
1941 85 Ralph E. Davis
1942 114 P.A.W.
1942* 85 Ralph E. Davis
1943 110 P.A.W.
1944 90 Ralph E.Davis
1944 110 P. A. W.
1944 130 Alec M. dwell
1945 133 P. A. W.
1945 135 Alec M. Crowell
1945 141 DeGolyer & MacNaughton
1946 144 DeGolyer & MacNaughton
1946 148 American Gas Association
1947 161 American Gas Association
1948 166 American Gas Association
1949 174 American Gas Association
1950 180 American Gas Association
1951 186 American Gas Association

* October 1, 1942.
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Chart IV—ESTIMATES OF PROVED RESERVES OF NATURAL
GAS, UNITED STATES

200

180

160

h-
Ul
UJ
u. 140

o
GO
Z>
o
u.

'20
o
CO
2
o
-i 100
_J

<r
i-

co
uj 80
cr
UJ
CO
UJ
cr

CO
6°

<

40

20

o

o

o

o
o

o
1

1

o o |

1

!

o o

<

o
o

>

o

o

o

1915 1920 1925 1930 1935 1940 1945 1950

36



oil reserves and slightly exceeding the total estimated proved reserves

of all hydrocarbon liquids in the United States.

Natural Gas Liquids

Petroleum in an underground reservoir is a complex mixture

of hydrocarbons covering the complete range from methane, the

chief constituent of natural gas, through hydrocarbons of inter-

mediate volatility, to those that under ordinary conditions are stable

liquids or even solids. The manner of occurrence of the materials

and the effects on recovery techniques are discussed elsewhere. From
the standpoint of reserves, however, it should be noted that the

intermediate hydrocarbons are found in both natural gas and oil

and may be extracted or isolated from either in various forms, such

as liquefied petroleum gas, commonly known as LPG or bottled gas,

and natural gasoline. Such materials are extractable from natural

gas produced from a reservoir either in the form of free gas or as

dissolved gas liberated from oil in the process of production. In

addition, many deep, high pressure gas reservoirs contain in the

vapor state, as part of the gas, liquefiable heavier hydrocarbons that

may be separated in the form of a liquid commonly known as

condensate. All of these materials recoverable as liquids are a part

of the petroleum supply. Together they constitute a significant

supplement to crude oil.

During the past several years estimates of the proved reserves

of these natural gas liquids have been made jointly by committees

of the American Gas Association and the American Petroleum

Institute. Their estimates of these reserves as of December 31,

1950, are summarized in Table 12. They totaled at that time

4,268,000,000 barrels or over 14% of the total estimated liquid

hydrocarbon reserves. The indicated reserves of these materials are

those estimated to be contained in recoverable gas reserves and to be

extractable by methods now in use.

Recent History of Total U. S. Petroleum Production

The annual production of crude oil, natural gas liquids, and

natural gas, as compiled by the reserves committees of the American
Petroleum Institute and the American Gas Association for the

period 1946-1950, are recapitulated in Table 13. This tabulation

permits a comparison of the recent trend of production of each.

It is evident from this tabulation that production of both natural
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TABLE 12

Estimated Proved Recoverable Reserves of Natural Gas Liquids in the United States*
(Thousands of Barrels of 42 U. S. Gallons)

Changes in Reserves during 1950 Reserves so of December 51, I960

'

Total

"

(Columns 6 +
Discoveries 7 + 8, also

Reserves Extensions of New Fields Columns 1 +
is of and and New Pools Net 2 + 3 Less Non-

Dee. 31, 1949 Revisions in Old Fields Production Column 4) Associated Associated Dissolved

0) (2) (3) (4) (8) (6) (7) (8)

Arkansas 55,642 745 230 3,679 52,938 31,997 7,586 13,355
California* 320,275 71,079 250 28,217 363,387 137,492 225,895
Colorado 24,190 (—)10,837 432 12,921 873 12,048
Illinois 26,666 3,003 28 3,438 26,259 28 75 26,156
Indiana 126 34 24 32 152 20 25 107
Kansas 106,405 60,578 341 3,746 163,578 159,702 1,594 2,282
Kentucky 13,245 308 154 1,780 11,927 11,927*

Louisiana* 596,422 56,492 18,992 28,394 643,512 498,484 97.43T 47,591
Michigan 1,203 (—) 75 14 124 1,018 609 409
Mississippi 56,407 2,040 100 2,650 55,897 26,558 23,295 6,044
Montana 3,710 81 244 3,547 3,547
Nebraska 37 65 140 7 235 74 107 54
New Mexico 85,719 11,773 1,370 4,965 93,897 30,876 33,211 29,810
Ohio 1,670 108 12 102 1,688 1,688*

Oklahoma 234,030 61,897 4,922 20,946 279,903 121,708 24,868 133,327
Pennsylvania 2,643 135 68 247 2,599 2,599*
Texas" 2,143,711 443,190 31,326 122,188 2,496,039 1,434,654 359,067 702,318
Utah 208 (—) 9 5 194 194 .0
West Virginia 12,831 634 212 4,701 8,976 8,976*
Wyoming 43,863 6,636 O 1,512 48,987 37,675 6,390 4,922
Miscellaneous!!. ..92029009

Total 3,729,012 707,879 58,183 227,411 4,267,663 2,372,189 691,147 1,204,327

* Includes condensate, natural gasoline and liquefied petroleum gas.
1 Includes Alabama and Florida.
2 Not allocated by types but occurring principally in the column shown.
5 Includes off-shore reserves.

gas and natural gas liquids has increased at a much greater percent-

age rate during the immediate past than has the production of crude

oil. The most rapid growth is shown by the natural gas liquids, the

production of which increased 76% from 1946 to 1950. The great

increase in production of natural gas liquids during this period

reflects the construction of a large number of plants for the recovery

of natural gasoline in connection with projects for the conservation

of casinghead gas, increased gas cycling in condensate fields, and

increased efficiency of extraction of propane and butanes to supply

an expanding market.

TABLE 13

Annual Production Petroleum Liquids and Natural Gas, 1946-1950

Net Production During Year

Millions of Barrels

Year Crude Oil

Natural Gas
Liquids

Billions of Cubic Feet

Natural Gas

1946 1,726
1947 1,850
1948 2,002
1949 1,819
1950 1.944

129
161
184
199
227

4,943
5,630
6,008
6,245
6,893
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OUTLOOK FOR FUTURE DISCOVERIES AND PROS-
PECTS FOR UPWARD REVISIONS IN PRESENTLY

ACCEPTED RESERVES ESTIMATES-
UNITED STATES

The various factors that affect the production, use, and also the

future outlook for crude oil apply in similar fashion to natural gas.

The situation for natural gas, however, is further complicated by

the physical form of the commodity, which makes it difficult to

harness, difficult to store against possible future demands, and

difficult to transport to potential markets. It is also complicated by

the fact that a large amount of the natural gas produced with oil

is frequently utilized in the field in connection with the oil-producing

operations, in part as lease fuel, and in part for return to the

producing formations as a means of increasing the oil recovery.

In such instances use of the gas for any other purpose is usually

considered secondary to its use in the recovery of oil. Furthermore,

since gas and oil are both potential raw materials for the same

end products, the two materials are closely related and must be so

considered in connection with any questions on reserves, production,

and use.

The present reserves or, more correctly speaking, the inventories

of natural gas, have been the subject of continuing studies largely

because of the need for such information in connection with

problems of justifying long-term investments in pipe lines and,

more recently, in gas-cycling plants. The estimates are influenced

in great measure by such things as immediate market prospects,

demand, and prices. As long as adequate supplies are in sight there

is little incentive to prove the existence of supplies that will not be

required for years in the future. Undoubtedly, if the incentive

existed to ascertain the true volume of the presently known recov-

erable reserves of natural gas the result would indicate a total

considerably in excess of the accepted figure of 186 trillion cubic

feet.

It is noteworthy that in those areas where natural gas has

commanded a high price, such as in the Appalachian area, explora-

tion for and development of reserves of natural gas have been much
more intense than in other areas. The lack of market outlets

commensurate with the total available supply, and the resultant

very low price of gas at the well have been deterrents to the
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development of natural gas fields in the southwestern area, in

which, as has been shown, 84% of the present known reserves of

natural gas are located. Undoubtedly, the reserves of natural gas

in the Southwest can be tremendously increased through both new
discoveries and more complete development whenever the demand
and the correspondingly higher prices will be sufficient to justify

more intensive exploration efforts.

The present outlook for the development of natural gas reserves

in new areas heretofore unexplored is complicated by the many
factors that influence exploration programs. Inventories of natural

gas at present are more than ample to take care of existing pipe-line

outlets and those under construction. The known reserves at the

present ratio of withdrawal would supply the market for many years

to come. However, other major pipe-line projects are currently

under construction, and such additions should result in a continu-

ation of the increased annual rate of consumption observed during

the past few years. The higher prices that should result from such

increased demand should provide a new incentive for intensive

exploration in both old and new potential gas-producing areas,

leading ultimately to new discoveries that may greatly exceed past

discoveries.

INTERRELATION AND INTERCONVERSION OF GAS
TO OIL AND ITS SIGNIFICANCE

From the data of Charts III and IV, which constitute a record

of the accomplishments to date, it is only reasonable to assume that

extensive additions to reserves are in prospect and will be uncovered

whenever the demand warrants the further exploration. Moreover,

the synthesis of "natural" gas from coal may become feasible in

the not-too-far-distant future. If and when exploration efforts are

unable to maintain a satisfactory current inventory this alternative

source of gas may well become a reality.

The close relationship that exists between natural gas and oil

has already made itself apparent in the reserves and production

statistics. This relationship is an almost continuous one from source

to market. As a result, anything that affects either one also affects

the other in some measure. Oil and gas are frequently found

together in underground formations. The reserves of each at any

one time are the product of exploration efforts that may have been

directed primarily to either. Natural gas is also an instrument that
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contributes to the production of oil. Utilization of natural gas to

improve the ultimate oil recovery from reservoirs is a common
practice, and gas used for this purpose returns in many cases

values far in excess of the average return from fuel uses.

In at least some instances, either oil and gas or the products

of each enter the same markets as competitive materials. The
chemistry of the two is such that either can be converted to the

other should market demand warrant such conversion. Since the

modern trend in refining has been in the direction of reconstructing

nature's raw materials to achieve desired fuel and lubricant prop-

erties not inherent in the crude raw materials, the differences in

the physical forms of oil and gas that were previously thought to

govern their respective commercial outlets have been somewhat
minimized. Both are now merely convenient source materials for

carbon and hydrogen. The net effect of this close relationship

between oil and natural gas is such that in a free competitive market

it not only should lead to definite and related prices based on the

raw-material values of each, but also should preclude, to a great

degree, consideration of either one separately in matters of reserves,

production, and use.

With oil and gas being considered principally as source materials

for carbon and hydrogen it becomes apparent that in any long-term

consideration of the two materials some thought should likewise be

given to alternative sources of these elements. Therein lies the

reason for the industry's present interest in coal-conversion processes,

since the currently desired products can be made readily from coal

whenever the need arises and whenever the economics is such as to

justify such a route. With such a proved alternative in prospect,

attempted forecasts of reserves or inventories into the distant future

have little use except in so far as they may serve to guide and

properly time developments directed to new sources for the desired

end products.

EQUIVALENT OIL RESERVES IN FORM OF GAS

Although only one commercial plant for the conversion of

natural gas into liquid hydrocarbons is currently in existence in

the United States, interest in conversion processes has been active

during the past few years, and several such plants have been

designed. The yield of gasoline by the process when methane is

used as the raw material is estimated at about 4 gallons from
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1,000 cubic feet of gas. This gives some indication of the approxi-

mate over-all efficiency of the process at its present state of devel-

opment, for the yield figure would imply that only about 40% of

the heat content of the methane charged to the process is recovered

in the liquid product.

From 1,000 cubic feet of methane, with no allowance for process

fuel requirements, it is theoretically possible to obtain about 6.5

gallons of motor fuel. The fuel value of this 6.5 gallons of motor

fuel is about 75% of the fuel value of the original 1,000 cubic feet

of methane. Therefore, the maximum fuel value theoretically recov-

erable is about 75%. In practice, however, even with 100% reaction

efficiency in the process, some methane will be required for fuel

purposes. Consequently, the yield will always be less than 75% of

the fuel value of the methane used to produce it. Improved reaction

efficiencies, and, particularly, improved techniques of production

of synthesis gas in the process will, no doubt, reduce substantially

the amount of gas required, with the result that net yields as high

as 4.5 to 5.0 gallons from 1,000 cubic feet may be obtained in

large-scale operations.

If a yield of 4 gallons of motor fuel from 1,000 cubic feet

of gas is assumed to be currently obtainable, the present reserves

of natural gas are equivalent to nearly 18 billion barrels of gasoline,

a volume equivalent to 60% of the present proved liquid hydro-

carbon reserves. If higher than current average but readily attainable

yields of gasoline from a barrel of crude oil are assumed, the

presently proved fuel reserves expressed in terms of gasoline are

divided about equally between oil and gas.

Although the conversion of natural gas may be important from
the standpoint of augmenting raw materials for the manufacture

of liquid fuels at costs not far from present costs, it cannot be

considered an ultimate solution to the question of future fuels. In

short, the utilization of natural gas for synthesis of liquid hydro-

carbons represents an intermediate, but important, process and, as

such, has greater immediate interest than coal. Variations of the

basic process using natural gas will undoubtedly find useful appli-

cations, particularly where the conversion can be combined with

other processes or with existing facilities. The production of natural

gasoline and the manufacture of chemicals afford opportunities for

such combinations. Without the economic advantages of such com-

binations, however, the available information indicates that as a

means of producing gasoline alone the conversion of natural gas
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would not be competitive with present refinery operations using

crude oil as a raw material under present prices. Moreover, the

peak production of gasoline from natural gas by the conversion

process will undoubtedly amount to only a very minor proportion

of the total gasoline supply of the nation. The comparisons conse-

quently serve primarily to illustrate the close relationship between

natural gas and crude oil and the relative importance of each as a

raw material.

The significance of the Fischer-Tropsch process as a means of

extending natural gas reserves also bears mention. Although the

process has commanded wide interest as a means of producing

liquid fuels from gas or coal, it has equally great possibilities as a

means of producing from coal a synthetic ''natural" gas to supple-

ment the natural product whenever the demand is such as to require

an auxiliary source. Process modifications have been considered

that would yield a synthetic "natural" gas near the point of use at

costs that would rival the current delivered costs of the natural

product at those points. Undoubtedly, process conditions could be

devised that would, in the future, yield from coal both synthetic

motor fuel and synthetic "natural" gas at prices not too different

from those that would result were crude oil used as the raw

material at prices somewhat higher than those obtained at present.

RELATIVE IMPORTANCE OF OIL AND GAS
AS ENERGY RESOURCES

The tremendous growth of production of oil and natural gas

in the United States is impressive, but the production records of

these commodities alone do not tell the whole story of the extent

to which the economy of the United States has come to depend

on petroleum. Perhaps few realize that today oil and natural gas

together provide more than half of the total mineral fuel consumed
in the United States, their joint consumption now exceeding that

of coal. The record of mineral fuel consumption since 1900 is

shown in Chart V.

It may be noted from the chart that whereas consumption of

coal has not increased significantly since 1917, consumption of oil

and natural gas has increased over sevenfold during the interim.

This record shows the extreme degree to which the United States

today is dependent on petroleum, and emphasizes the importance
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Chart V—U. S. MINERAL FUEL CONSUMPTION
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of producing oil and gas as efficiently as possible and in orderly

response to our needs.

SIGNIFICANCE OF ACCOMPLISHMENTS

The astounding accomplishments in both the discovery and

production of oil and natural gas are to a large extent due to the

increasing use of scientific methods in exploration and production,

and to the development of conservation. During May, 1951, pro-

duction of crude oil in the United States exceeded 6 million

barrels a day. Such a rate of production would have seemed

fantastic in 1925. It would not have been possible to sustain it

for any length of time as late as 1940. Tremendous waste would

have resulted had an attempt been made to produce at such a rate.

Today that rate is sustained by adequate proved and developed

reserves, which new discoveries are continuously increasing.

During the past fifty years the rate of production of oil in

the United States has doubled every eight to fifteen years. In spite

of this production, the reserves have not been exhausted, but have

continued to keep pace with the production. In this history lies

not only a record of achievement, but the key to conservation in

its fullest sense.

If at any time in the past the future had been viewed in the

light of the facts then available it would have seemed unreasonable

to predict a continuation of the past trend. Because of the ever-

present problems and difficulties few have ever been so rash as to

expect the future to carry progress very much further. A leveling

is almost invariably anticipated. The reason for such conservatism

is natural and is obvious. Present problems can be analyzed only

on the basis of the prevailing state of technology. Unknown and

unforeseen scientific accomplishments may be anticipated in the

abstract, but, in the absence of foreknowledge, cannot be counted

on quantitatively with regard to any specific situation. Nevertheless,

the facts are, as the record shows, that at no time in our past history

has progress ceased or, other than temporarily, even been greatly

retarded.

Why has the tremendous production of petroleum not exhausted

our resources long since? The answer lies simply in the scientific

and technologic progress that has been made in a competitive

environment where incentive and opportunity have fostered inno-
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vation and growth. Production has created a demand, and an

expanding demand has, in turn, provided an incentive for further

production. The process is cumulative. The need to find more oil

has called for greater effort, for increasing application of scientific

methods, and for greater efficiency in both exploration and pro-

duction. The capital generated through past production and saved

through more efficient methods has made it possible to expand the

activity, both physically and technologically. Increased efficiency

in recovery has greatly extended the proved reserves that result

from a discovery, and the greater reserves have provided additional

incentive for still greater efficiency in their recovery.

It is in thjs manner that conservation has grown directly in a

natural but vigorous manner under a system of competitive private

enterprise. Its basic need for further growth is a preservation of

the incentive that makes it grow.
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Chapter III

THE PETROLEUM RESERVOIR

WHY STUDY PETROLEUM RESERVOIRS?

In the early days of the petroleum industry, as in those of most

mining industries, little thought was given to the recovery of

reserves that could not be secured easily by routine operations. A
well was drilled. If it would flow it was permitted to do so at

maximum capacity. When the yield dwindled so much that it

appeared probable that pumping would increase the daily produc-

tion, |>umps were installed, and were operated until the value of the

oil that was recovered no longer equaled the cost of getting it. Pre-

sumably, few operators realized that in the fields which they aban-

doned as unprofitable far more oil remained in the productive under-

ground formation than they had recovered from their wells. Any-

way, why should they bother when new flowing wells could be

drilled elsewhere and quick profits could be made?

Perhaps the greatest single influence that served to modify this

attitude was the Bradford field of Pennsylvania, where water, acci-

dentally allowed to invade the oil sand, rejuvenated parts of the field

that were thought to be exhausted, and proved that when the orig-

inal wells were abandoned as unprofitable millions of barrels of oil

remained in the oil sand. More than that, it proved that both the

volume of the oil and the cost of recovering it were such that new
operations in this depleted field would be financially attractive.

Subsequently, determinations of the porosities of reservoir rocks

in many fields, and computations of the space that had, presumably,

been occupied by oil before the wells were drilled, revealed that in

many of these fields not more than 15 or 20 per cent of the oil in

place had been recovered before the yields of the wells became so

low as to make continued operation impracticable. It was felt that

recoveries should and could be improved. The result has been a

remarkable increase in the amount, and improvement in the method

of reservoir study, and great advances in reservoir engineering.

During the past thirty years the engineers and geologists of the

petroleum industry have learned how to estimate with reasonable

accuracy the total amount of oil and gas in any underground reser-
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voir. They have also learned that the recovery of that oil and gas

depends on the nature, number, and continuity of openings in the

reservoir rock; upon the chemical and physical composition of the

rock; upon what may be called the geometry of the reservoir rock

within the limits of any oil field; on the forces that exist or that

may be applied to cause the oil and gas to move through the open-

ings in the rocks ; on the amount, distribution, and composition of

the water which is found distributed through all reservoir rocks;

and on the physical and chemical properties of the oil and gas.

THE PETROLEUM RESERVOIR

An underground petroleum reservoir comprises space in which

petroleum has accumulated, together with barriers that prevent the

petroleum from escaping from the space. In its fundamentals, it

does not differ from any reservoir or container of fluid, either above

or below ground.

Part or all of the petroleum from an underground reservoir

may be withdrawn or may escape if the reservoir is opened arti-

ficially by bore holes or shafts, if it is breached by natural agencies,

such as faults, fissures, or the removal by erosion of overlying

strata, or if it is tilted by earth movements so that upward move-

ment of the petroleum through permeable beds becomes possible.

The storage space in an underground petroleum reservoir is

provided by openings in rocks. Since such openings are, in general,

very small, many must be interconnected if they are to form a reser-

voir of significant magnitude. These openings are confined or

restricted by the rock in which they occur. The particular stratum

or mass of rock in which the oil-filled openings exist may appro-

priately be called the reservoir rock. The barriers which prevent the

petroleum from escaping from the reservoir demand a combination

of geological conditions that will bar either upward or lateral move-

ment of the fluid. Geologists refer to such combinations of condi-

tions as "traps," since they trap or confine the oil and natural gas.

Petroleum in the earth will move upward unless it is restrained,

so the "trap" must have an impermeable roof or "cap" above the

interconnected openings. It must be impossible for the petroleum to

escape laterally, so the attitude of the reservoir rock must be such

that the petroleum would have to move downward to escape, or else

the interconnected openings must be confined on the sides as well
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as above by impermeable barriers. The bottom of the "trap" may

be either permeable or impermeable rock, since the openings in almost

all rocks below the level of shallow ground water are filled with

water, and petroleum will not force its way downward through

water-filled rock.

The foregoing description applies to underground petroleum

reservoirs, large or small. For practical purposes we are primarily

interested in those from which oil or gas can be recovered and sold

for more than the cost of getting it. In the vernacular of the petro-

leum industry an accumulation of petroleum is classed as either

"commercial" or
'

'non-commercial.' ' An exploratory well may
encounter oil or gas but, nevertheless, be plugged and abandoned

if it appears that for any reason it is not "commercial" ; that is, that

the amount of oil to be expected from that well will not justify the

expense entailed in bringing it to the surface of the ground. Old

wells which may have produced thousands of barrels of oil are

abandoned when their operation is no longer "commercial."

Obviously the classification of an underground petroleum reser-

voir as "commercial" or otherwise involves factors which can and do

change. An increase in the price of oil or gas can, overnight, con-

vert a non-commercial into a commercial well. The cost of drilling

may be lowered by development of new tools or techniques, or

simply by experience that will permit avoidance of delays and dif-

ficulties ; as a result, profit may be realized from what appeared to

be an unpromising operation. Improved knowledge of reservoir con-

ditions and of reservoir displacement forces may permit the recov-

ery of more oil per well than originally seemed probable and this

may convert a seemingly hopeless operation into a "commercial"

one. One of the functions of reservoir geology and reservoir engi-

neering is to convert "non-commercial" occurrences of petroleum

into profitable oil and gas fields. Occasionally, a discovery that

appears to be "commercial" may be revealed by more complete

information to be "non-commercial."

Of course, the factors and techniques which may convert an

unprofitable to a profitable operation may also be applied to large

fields that would be classed as "commercial" even though they were

unskill fully and carelessly operated. The dividends reaped by the

operator, the royalty owner, and the nation when knowledge and
skill are applied to increase the recovery from large fields are pro-

portionately great.
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Reservoir Space

The reservoir space is provided by openings in the reservoir

rocks. These openings are commonly called "porosity." Technically,

this term covers all interstices in rocks, but mention of a "pore"

brings to mind a minute opening; consequently, in petroleum tech-

nology the term "porosity" should probably be reserved for the

intergranular openings in rocks made of particles or fragments of

mineral matter, and for the openings, large or small, within the

body of such rocks as limestones and dolomites. The precedent of

usage permits application of the term to large openings in calcareous

rocks, since "cavernous porosity" has often been mentioned and it

is excellently descriptive.

Distinction must be made between total porosity and effective

porosity. The oil man and the petroleum technologist deal with petro-

leum that will move into a well, and such movement requires a con-

tinuous channel or passageway. The effective porosity is the inter-

connected porosity through which liquid and gas can move.

The pores in the clastic rocks are the openings between the closely

packed grains or fragments of diverse shapes and different sizes.

If the grains were all perfectly spherical and of uniform size the

pores in cross section would tend to be either roughly diamond-

shaped, except that the sides would be curved, or else would be

triangles with curved sides. The odd shapes and sizes of the individ-

ual rock particles result in pores of extremely irregular outline, but,

characteristically, a cross section will terminate in points and micro-

scopically thin edges. The pores in limestones or dolomites com-

monly have been modified and in part created by the dissolving-

action of circulating water. They may be circular in cross section,

but as a rule they have ragged, irregular cross sections into which

protrude points or knobs of the surrounding rock.

In addition to openings between individual particles in the

clastic rocks and the irregular openings that occur in limestones and

dolomites, all sediments have bedding planes between individual

layers. The layers of rock may be compared to a stack of books or

magazines, some thick and some thin, in which the bedding planes

would correspond to the contacts between the different books and

magazines in the pile. Some rocks are so massive that bedding planes

are few, but usually there are many of these sheet-like layers. For

example, there are known occurrences where sandstone and shale

alternate, each layer but an inch or two thick, so that in 50 feet of

such rocks there might be 600 or more bedding planes. In limestones
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and dolomites, openings along the bedding planes may be enlarged

by solution and their importance as reservoir space correspondingly

increased. In addition to the bedding planes which occur at the tops

and bottoms of individual strata, there is what is known as "cross

bedding," which is at an angle to the tops and bottoms of the indi-

vidual strata. Such "cross bedding" may provide thousands of bed-

ding planes in a layer of rock that is only a few feet thick. Figure

1-A illustrates bedding planes in limestone, and Figure 1-B illus-

trates cross bedding in sandstone.

Openings known as joints are found in all rocks. In sediments

they tend to be perpendicular to the bedding planes and to occur in

fairly regular systems, most commonly in rectangular pattern. In

metamorphic and igneous rocks they may incline in any direction.

They may affect a single thin stratum, as in the Checkerboard Lime-

stone of Oklahoma, which received its name because of the uni-

formity with which it was divided by joints into squares like the

markings on a checkerboard. Such joints may penetrate only a

comparatively few feet of rock or they may split the rock for hun-

dreds of feet. Individual joints may be 100 feet or more apart or,

conversely, they may occur at intervals of an inch or less. As a rule

they are most numerous in rocks that have been greatly deformed

or folded, but extensive and closely spaced joint systems are known
in some strata that are gently inclined or even flat. Figure 2 illus-

trates joints in sandstone. Waters circulating along joint systems

may enlarge them. This is especially true of joints in such soluble

rocks as limestones or dolomites. Often, however, these waters tend

to deposit minerals, such as calcium carbonate and iron oxide, which

may partially or completely fill the space originally formed when the

rocks divided.

In addition to true joints, there are fissures, which may traverse

the rocks at any angle to the bedding. If the rock on one side of a

joint or fissure is elevated or depressed with respect to that on the

other side, the rock is said to be faulted. Fault fractures may pene-

trate thousands of feet of rock, and the rock adjacent to the frac-

ture along which the principal movement occurred may be inten-

sively shattered. It is known that there have been extensive move-

ments of oil along fault planes. Many oil seepages are associated

with them. One of the best known instances of extensive movement
of oil along fault planes is in the Homer field of Louisiana, where

the evidence indicates that oil found in the Nacatoch sand migrated

upward along a fault that breached the underlying Blossom sand
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and permitted most of the oil in the Blossom sand on one side of the

fault to move to a new reservoir.

Some of the oil fields, such as the Panuco field of Mexico, the

Zwolle field of Louisiana, and the Florence field of Colorado, are

believed to be almost, if not entirely, dependent on joints or fissures

for their oil-containing reservoir space. In fields where the reservoir

rock is metamorphic or igneous a very large part of the reservoir

space must be in fractures rather than in openings between mineral

grains. In some fields, such as West Edmond of Oklahoma and the

deep horizon of the Big Lake field of Texas, joints or fractures

are an important part of the reservoir space but are supplemented

by true porosity in the shattered rock. Openings of this type must

be present in most fields and must contribute more or less to the

reservoir space, but rarely has it been possible to secure the evidence

that would permit even an approximate estimate of the amount they

contribute to the total space in the reservoir. For this reason the

possibility that joints may contain a large amount of oil is commonly
ignored by those who estimate the amount of oil that should be

recovered from pools or fields.

Since joints and fissures may be sufficiently "open" to permit

very free movement of fluid or, on the other hand, may be merely

hair-line fractures along which fluids creep with difficulty, wells that

secure their oil from such reservoir space range from spectacular

"gushers," capable of yielding many thousands of barrels per day,

to wells of low yield. However, the acre-foot yield in fields that

depend exclusively on "fracture porosity" is invariably low, and

such fields must cover a large area or have a very thick oil-bearing

section if they are to be important. In such fields a single well will

drain an extensive area, and closely spaced wells are likely to be

unprofitable unless two or more such wells chance to open fissure

systems that are not connected.

Joints and fissures along which fluids may move freely and that

extend below the water level of an oil field may be responsible for

the early appearance of water in wells that seem to be more favor-

ably located with respect to the geometry or "structure" of the field

than other wells that continue to make water-free oil. Such water

incursion along fracture systems can be detected, or at least suspected,

if the wells that show water have a linear relationship. This was

demonstrated by early water encroachment in one of the pays of

the Salt Creek field of Wyoming. In the Reed City pool of Mich-

igan the pattern of water encroachment strongly suggests that edge
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Fig. 1-A—Bedding Planes in Limestone (Cherty Limestone, Prob-

ably Spergen or Warsaw, along Tennessee River, Galloway County,

Kentucky—Photograph Courtesy K. C. Heald)

Fig. 1-B—Cross Bedding in Sandstone (Tensleep (?) Sandstone in Alcova
Canyon—Photograph Courtesy K. C. Heald)
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Fig. 2—Joints in Sandstone (Green River Formation, North End Uinta

Basin—Photograph Courtesy K. C. Heald)
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water moved into the interior of the field along fractures. (Figure

3). There is no known remedy for such localized water incursion

except to shut in the affected wells in the hope that oil will again

occupy the fissure along which the water migrated.

Permeability

The term permeability, when applied to petroleum reservoirs,

denotes that characteristic of the rock which determines the rate at

which a fluid will pass through the reservoir rock under a given

pressure gradient. Natural gas will move more easily than will even

a light oil, and a light oil more readily than one that is thick and
viscous. Permeability measurements permit comparisons of the

relative ease of movement of fluids through different reservoir rocks.

As will be explained in Chapter V, in order to determine quantita-

tively the rate of movement of a particular fluid through a par-

ticular portion of reservoir rock it is necessary to know not only the

permeability of the rock, but the viscosity of the flowing fluid, the

amounts and nature of other fluids present, and the vertical angle of

the flow. Knowledge of the permeabilities of all parts of a reservoir

is very important to the petroleum engineer. A single permeability

measurement in a petroleum reservoir cannot be considered very

significant, but such measurements distributed throughout the reser-

voir rock, both horizontally and vertically, furnish extremely impor-

tant control that can be used to improve recoveries if suitable pro-

duction practices are followed.

It is customary to secure permeability measurements that will

indicate the rate of movement of fluid parallel to the bedding of the

sediments, as well as measurements transverse to the bedding. The

measurements transverse to the bedding cannot be used directly to

determine the rates of vertical fluid movement in a reservoir. Both

experience and geological considerations indicate that fluids will

move parallel to the bedding much as would be anticipated from

the permeability measurements, but that there are obstacles to the

movements transverse to the bedding that are not revealed by labora-

tory work. Most of the oil and gas fields of the world are in sedi-

mentary rocks, and most sedimentary rocks contain bedding planes

or partings on which commonly, although not invariably, there is a

film or selvage of clay that may be an effective barrier to the free

movement of oil or gas from the rock on one side of the bedding

plane to the rock on the other. Even where there is no clay film

there may be induration or cementation at the bedding plane, which
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Fig. 3—Water Encroachment, Reed City Pool, Lake and Osceola Counties,

Michigan
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will reduce the permeability. These bedding planes are believed to

be responsible for the observed phenomenon of very low vertical

permeability as manifested by the behavior of wells even though

the measurements in the laboratory on short cylinders or "plugs" of

the reservoir rock may have shown high permeability values. The
samples tested in the laboratory rarely include bedding planes. In

the process of coring to secure samples, the rock tends to break

along clay partings and bedding planes so that the fragments that

are available for measurements do not include the barriers to trans-

verse movement of fluids.

TYPES OF RESERVOIR ROCK AND ASSOCIATED
RESERVOIR SPACE

The following discussion does not pretend to catalogue com-

pletely all kinds of reservoir rock, nor to describe all variations of

reservoir space. No effort is made to adhere to exact scientific ter-

minology. So far as possible the terms used are familiar to laymen

as well as to specialists. Also, the reader should be advised that there

are multitudes of variations and hybrids of the types of reservoir

rocks that are listed. Thus, instead of having a rock that may prop-

erly be classed as either a sandstone or a limestone, the geologist

may be hard put to decide whether it should be called a sandy lime-

stone or a limey sandstone, or, perhaps, whether he should call a

rock an arkose or an arkosic conglomerate.

Clastic Rocks

Clastic rocks include all those that are made of fragments or

of distinct, separate particles. Most of these rocks have fragments

of quartz as their most abundant constituent, but some are in part

or exclusively made from fragments or particles of limestone, or

dolomite, or feldspar, or volcanic debris, or even comparatively

rare minerals such as black magnetite, red garnet, or green glau-

conite (greensand).

Silts and Siltstoties

A pure silt is an accumulation of very tiny particles of rock that

range in diameter from a maximum of 1/16 of a millimeter to a

minimum of 1/256 millimeter in diameter.
1* Particles smaller than

*Superscripts refer to publications listed at the end of this chapter.
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the minimum mentioned are classed as clay.
1 A siltstone is a silt

whose individual particles have been fastened together by some nat-

ural cement. The dominant mineral that forms the grains in prac-

tically all siltstones that are also reservoir rocks is quartz, but a

multitude of other minerals are present in minor amounts. Unfor-

tunately, many siltstone reservoir rocks contain much impurity in

the form of clay, and this tends to make silts and siltstones among
the least satisfactory of the reservoir rocks. The clay tends to plug

or reduce the sizes of the openings between the particles of silt, to

increase the connate water content, and may swell when touched by

fresh drilling water. The porosity of siltstones tends to be high, and

the possible content of fluid correspondingly great. This does not

mean that the amount of oil or gas in place per cubic foot of rock

will be greater than in a coarser-grained rock, because, as a rule,

there is more connate water in very fine-grained than in coarse-

grained rocks. Connate water is water that exists along with oil or

gas in reservoir rocks. If clay impurities are high, the content of

connate water may be further increased, since tests have indicated

that the percentage of connate water tends to vary directly with the

amount of clay in the reservoir rock. 2 Permeabilities are low, as a

rule, since petroleum moves with difficulty through the tiny open-

ings between the grains of silt, and a high connate water content

also reduces permeability to oil and gas. If clay is present, perme-

ability is further impaired. Initial productions from such rocks may
be promising, but unless production rates are controlled very care-

fully the output declines rapidly, and even with the best production

practice it is difficult to recover a high percentage of the original

oil content.

Siltstones are productive in many areas, but in most of the fields

where they are present oil is also produced from rocks with more
favorable characteristics. The Santa Barbara field of eastern Vene-

zuela and the Leeville field of LaFourche Parish, Louisiana, are

instances of fields that have obtained part of their production from
siltstones.

Sands and Sandstones

A pure sand is an aggregation of small, individual mineral

grains ranging in greatest dimension from a maximum of 2 milli-

meters to a minimum of 1/16 of a millimeter. Particles larger

than the maximum are called gravel, those smaller than the minimum
are termed silt or, if extremely small, clay. Depending on the admix-
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ture of larger or smaller constituents, a sand may be described as

gravelly or silty.

A sandstone is a sand whose particles have been bonded by some

natural cement. The most common of these bonding materials are

silica, calcite (lime), and iron oxide, but instances are known where

the bonding material is tar or some other hard or viscous organic

substance. The individual particles are commonly quartz, with com-

paratively minor percentages of other minerals, but in some instances

fragments of limestone, magnetite, or other minerals dominate.

The shapes and sizes of the openings in sands and sandstones

are controlled by the uniformity in size and shape of the individual

grains, the presence of silt and clay, and the amount and nature of

cementing material. If the grains were all perfectly round and of

uniform size the openings between the grains would be uniform

and would form a continuous network. However, such sands are

not known in nature. In general, the maximum dimension of any

pore or opening is less than the maximum dimension of the largest

sand grains. Departure from roundness permits closer packing of

the grains. Irregularity in size permits small grains to fill the open-

ings between the larger ones. Occurrence of silt or clay will tend

further to plug the chinks and crannies. Finally, the cementing mate-

rial which binds the grains of sandstone may further reduce the

size and number of openings, and may, if carried to an extreme,

render sandstones impermeable and interrupt the permeability con-

nection between different parts of a reservoir rock.

The porosities of unconsolidated sands may be as high as 50 per

cent. Those of sandstones may be very low, but if they are made of

clean, fairly well rounded, and uniform sand that is only slightly

cemented the porosity may be 40 per cent or more by volume. If

these pores were all filled with oil a cubic foot of the rock would

contain about 0.07 of a barrel, and a layer one foot thick and an

acre in extent would contain about 3,100 barrels. The permeabilities

of clean, well-sorted sands are very high. Those of sandstones are

lower, but the more permeable layers or streaks in a sandstone will

often approach the permeabilities of unconsolidated sands.

The connate water content in sands and sandstones, as in other

rocks, is controlled more by such factors as texture, impurities, per-

meability, and proximity to edge and bottom water than by the

mineralogy. It probably is rarely less than 10 per cent. Contents

of connate water greater than 50 per cent have been recorded, but

there may be a question as to whether some part of this water might
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not more properly be classed as "free ' or formation water than as

connate water. Sandstones with good permeabilities and with

recorded water contents of 50 per cent have been excellent reservoir

beds and have yielded great volumes of water-free oil.
3

The characteristics of sand and sandstone reservoirs will permit

initial productions of many thousands of barrels a day if adequate

reservoir pressure is available and if the sands are highly permeable.

It is believed that 50 to 80 per cent of the oil from such reservoirs

can be recovered if permeability and structural conditions are favor-

able and if proper use is made of the displacement agents naturally

available or that may be supplied. On the other hand, there are many
sand reservoirs in fields now abandoned or that are yielding insig-

nificant amounts of oil that probably still contain 80 per cent or

more of the oil that was originally in place.

Among well-known examples of fields that produce from sand

reservoirs are the East Texas field of Texas, the LaFitte field of

Louisiana, the Oklahoma City field of Oklahoma, the Kettleman

Hills field of California, and most of the fields in Venezuela.

Conglomerates and Breccias

Conglomerates and breccias differ from sandstones only in that

they contain many fragments larger than 2 millimeters in greatest

dimension. To the layman they are rocks that contain pebbles and,

indeed, some of the individual fragments may be boulders. Even a

sandstone with a sprinkling of pebbles may be classed as a conglom-

erate, but for our purposes a conglomerate and a breccia are rocks

composed primarily of pebbles or larger fragments. Conglomerates

are composed of rounded fragments, and breccias are made of

angular fragments. The component pebbles may be of any kind of

rock. Quartz is the most common constituent, but conglomerates and

breccias in which the fragments are limestone are reasonably com-

mon, and those made of fragments of igneous rocks and of chert

are also well known. As a general rule the interstices between the

pebbles are filled with particles of sand size with a very minor

amount of silt and clay. However, there are some rocks that contain

a substantial number of pebbles and cobbles and would, therefore,

be classed as conglomerates that are very "dirty."

The porosities of slightly cemented conglomerates and breccias

are, as a rule, lower than those of sandstones or siltstones that are

not strongly cemented. The permeabilities of the coarse-grained

clastic rocks are, however, higher than those of any other reservoir
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rocks except some limestones and dolomites. Both porosity and per-

meability may be reduced if fine-grained material or clay fills the

interstices between the pebbles, and if the rock is strongly cemented

the permeability may disappear entirely. This is, of course, true of

all reservoir rocks.

The connate water content of clean conglomerates and breccias

whose large openings are not filled with fine material or cement is

lower than that of sandstones or siltstones, and the percentage of

oil or gas in the openings in the rocks is correspondingly higher.

Good initial productions and recovery of a comparatively high per-

centage of the original oil content are to be expected from such

reservoir rocks. If, however, sand or silt fills the chinks between the

larger fragments the initial productions and ultimate recoveries

should be comparable to those from sandstone reservoirs, and the

lower total porosity will result in lower recovery from an acre foot

of producing formation than from a sandstone reservoir of equal

permeability.

Conglomeratic sandstones, and layers of conglomerate associated

with sandstone, are found in many oil fields, but instances of con-

glomerates that form the only pay in a field or that dominate an

important reservoir in a multiple-pay field are relatively rare. A good

example is found in the Wherry field of Rice County, Kansas, where

the reservoir rock is a conglomerate composed of rounded pebbles

and boulders of chert.
4 One of the reservoir beds in the Playa del

Rey field of Los Angeles County, California, is a conglomerate of

pebbles, cobbles, and boulders of schist.
5

Arkoses

Arkoses, commonly referred to as ''granite wash" by oil men,

differ from sandstones or from conglomerates only because 25 per

cent or more of the rock is the mineral feldspar. There are several

kinds of feldspar, but most of the arkoses that serve as reservoir

beds in known oil fields are made up in large part of what is known
as orthoclase feldspar. This mineral is commonly pink in color and

its presence gives a characteristic pinkish or reddish tinge to the

rock. Just as rocks made of siliceous fragments may be classed as

siltstone, sandstone, or conglomerate, depending on the sizes of the

constituent particles, so may arkoses be comprised of fragments

ranging in size from microscopically small to cobbles or boulders.

The openings in arkoses are quite comparable to those in other clastic
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rocks of similar texture if the arkose is unaltered. However, feld-

spar decomposes rather easily and forms clay, so that a rock that

was originally formed of hard grains may be modified to one that is

a mixture of hard grains and pebbles of clay. Compaction or minor
movements of the earth may force some of this clay into the original

interstices between the grains. Also, unfortunately, some of the

clay may be of a variety that will swell if it is wet with fresh water,

so that the fluid from drilling mud may affect the clay, causing it

to swell and plug openings in the rocks. For this reason, many rocks

that are classed as arkoses are less satisfactory as reservoir rocks

than siltstone, sandstone, or conglomerates of comparable texture.

Perhaps the best known instance of oil and gas production from
an arkose is in the Texas Panhandle. The gas in Wheeler County is

for the most part found in arkose. Both gas and oil are produced

from arkose in Carson County, and it is a gas reservoir in northern

Potter County. 6

Oolites

Oolites are rocks comprised of tiny, round grains of limestone.

The name means "eggstone," because the rock looks like the roe of

a fish. The grains of limestone accumulate just as do grains of sand,

and the resulting rock is not appreciably different in texture from

a sand or sandstone formed of spherical sand grains. Reservoir beds

that are true oolites are rare, but oolitic limestones, which are lime-

stones with oolites sprinkled through them, are common. The oolitic

limestones, however, cannot be considered clastic rocks but rather

as a type of limestone. The grains in true oolites compare in size

with the grains in a sand or sandstone, and the openings between

the grains form a continuous network. Such rocks usually have a

very high porosity and also excellent permeability. The content of

connate water should be comparable to that in a medium-grained

sand. Initial production from such reservoir rock can be very high,

and the percentage of oil in place that is recoverable is also high as

compared with most other types of reservoir rocks.

The McClosky pay of Illinois is an oolitic limestone that in

places grades into a true oolite. Perhaps one of the best instances

of production from a true oolite is the Schuler field, of Union

County, Arkansas, where the Reynolds oolite zone in the upper

part of the Smackover Limestone formation is one of the important

producing horizons. 7
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Tuffs

Tuffs are composed of fragments of rock ejected by volcanoes

and that have accumulated either by settling through the atmosphere

or by falling into water. Naturally, the constituents are varieties of

igneous rocks and minerals formed under high pressures and temper-

atures, but, since some of these materials can be altered easily, tuffs

may appear to contain a high content of clay, which is simply the

degradation product from the original minerals. Of course, if the

volcanic material fell into moving water it may have been mixed

with clay, sand grains, or other materials present in the water.

As a general rule, tuffs are poorly sorted, and the high percentage

of very fine material makes permeability low, although porosity may
be high. They are comparatively unimportant as reservoir beds and

are included merely to make the tabulation of clastic rocks reason-

ably complete. It has been reported that the oil fields of Japan draw
their oil from tuffs, but available descriptions permit the possibility

that there may be beds of sandstone associated with the tuffs. A
more definite instance is the Hilbig field, of Bastrop County, Texas. 8

Shales

Shales are more or less lithified rocks whose "constituent par-

ticles are predominantly of the clay grade." 9 Those encountered in

oil fields range from soft, "punky" rocks which are penetrated with

the utmost ease, to hard, consolidated, resistant strata. The dominant

constituent is aluminum silicate, but they may contain considerable

quantities of sand, in which event they are called sandy shales, or

of lime, which will lead to designation as limey shales. Iron oxide

is a very common constituent and many other minerals are present

in minor quantities.

Shales are very fine-grained, since the particles that comprise the

rock have an average greatest dimension of less than 1/256 of a

millimeter. Their porosities are usually high, but, because of the

microscopically small interstices between individual grains, their

permeabilities are negligible. They may have a high fluid content

of water or even of petroleum, but the fluid will move from the

rock into a well or other opening at a negligible rate, if at all. There
are a few oil fields in which shales are the reservoir rock, but in

these fields the oil is recovered from fissures or fault planes, such

as may occur in any type of rock, and not from the intergranular

porosity of the shale. A classic example is the Florence field of Fre-

mont County, Colorado. Minor quantities of oil have been recovered
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from shale in the Salt Creek and Teapot Dome fields of Wyoming,
and from erratic occurrences elsewhere in the United States.

Non-clastic Sediments

"The non-clastic sedimentary rocks in general are derived

through the agency of some form of life or are chemical precipi-

tates. They are only indirectly derived from other rocks through

their disintegration and redeposition." 10 The only non-clastic sedi-

ments that are important reservoir rocks are the limestones and

dolomites. Small quantities of oil have been found in such non-

elastics as gypsum, anhydrite, and salt, but these occurrences are so

rare that they may be ignored.

Limestones and Dolomites

Limestones are comprised principally of calcium carbonate,

which, in its pure form, is the mineral calcite. Dolomites are indis-

tinguishable from limestones to the casual observer but, when pure,

are made of the double carbonate of calcium and magnesium, instead

of calcium carbonate as in limestones. The distinction between these

two similar rocks is far from academic to the petroleum geologist

or engineer, for they differ in their tendencies to develop and retain

porosity, and also in their response to treatment with acid, which

may be used to enlarge the openings in these acid-soluble rocks.

Very often these rocks when found in petroleum reservoirs are

neither pure limestones nor pure dolomites, containing too much
magnesium to permit their classification as limestones, and too little

magnesium to qualify as pure dolomites. Such rocks are more prop-

erly called dolomitic limestones.

Limestones and dolomites are usually dense, compact rocks,

although occasionally beds are so contaminated with clay as to be

quite "earthy." Most of them are hard and tend to be tough, but

very compact, fine-textured limestones may be brittle and may break

with a glass-like fracture; at the other extreme, chalk, which is a

form of limestone, is soft. In texture they range from a mass of easily

distinguishable, closely interknit crystals to a uniform smoothness

in which separate particles cannot be detected. Most of them con-

tain impurities, the most common of which is silica in the form of

chert or flint, which may occur in tiny, scattered particles, in nodules,

or in layers.

The reservoir space peculiar to these rocks consists of irregular,

ragged, ramifying channels that range in size from sub-microscopic
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to cavernous. These channels may be so numerous as to give the

rock a "rotten" appearance, or so scarce that only scattered pin-

points of oil appear on the surface of a freshly cut core. Some of

these rocks, particularly dolomitic limestones or dolomites, have

a network of interconnecting openings between individual crystals

that make up the rock. Depending on the number and sizes of indi-

vidual openings, the porosity of a limestone may range from almost

zero to a figure greater than that for any clastic rock, and the same

is true for permeability. The largest oil wells in the world in terms

of daily capacity produce from limestone or dolomite reservoir rocks

in which the openings are so large that the oil flows rapidly and

freely into the well bore.

The range in producing characteristics of these carbonate rocks

is as pronounced as is the range in size and number of reservoir

openings. Those with cavernous porosity surrender a very high per-

centage of their oil with a minimum of difficulty; those with very

small openings may require extraordinary skill in handling the reser-

voirs in order to recover more than a small fraction of the oil in

place. The range in the size of openings in the carbonate reservoir

rock of a single pool imposes difficulties greater than must be over-

come in fields that draw their oil from clastic rocks, whether the

expulsive agents originally present in the reservoir are used, or

whether they are supplemented artificially. Limestone and dolomite

reservoir rocks are a challenge and an opportunity to reservoir

geologists and engineers.

Limestones, dolomitic limestones, and dolomites are the reser-

voir rocks in many of the world's most important oil fields. Most
of the fields of west Texas and southeastern New Mexico ; the Lu-

ling, Darst Creek, and minor fields of central Texas ; many fields in

Illinois; practically all the fields of Michigan; the old fields of the

Lima-Indiana district of Ohio and Indiana; the most important

fields of western Kansas; and many others throughout the United

States secure their production from such rocks. Most of the produc-

tion of Mexico, of western Canada, of Iran, of Iraq, and of Arabia

is from reservoir rocks of these types.

Chalk

Chalk is a form of limestone made from accumulations of the

tests or shells of microscopic organisms. Anyone who has used a

blackboard is familiar with this rock in its pure form. It has high

porosity but practically no permeability. It may, therefore, contain
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much oil, but it is reluctant to surrender it. The recoverable oil in

fields where chalk is the reservoir rock is believed to occupy fissures,

joints, bedding planes, and, to a limited extent, solution cavities.

Chalk forms the reservoir rock in the Zwolle field, of Sabine Parish,

Louisiana, and also in parts of the Caddo field, of Caddo Parish,

and the small fields along the Balcones Fault Zone, in east-central

Texas. As a reservoir rock it is relatively unimportant.

Igneous Rocks

Igneous rocks are rocks that were once so intensely heated that

they melted, like ore in a blast furnace. They took their present form

when they cooled, either when they were poured in the form of lava

from a volcano or other vent, or below the surface as sheets or tabu-

lar masses between layers of other rocks. Rarely do they contain oil.

In most oil fields, granite, which is an igneous rock, is known as the

"farewell rock," below the surface of which drilling will be fruitless.

Oil in small amount has been observed in igneous rocks in many
localities, but commercial production has been found only in a few

fields where the igneous rocks are closely associated with sediments.

Some oil is produced from the granite underlying the more depend-

able sedimentary reservoir rocks in the Panhandle field of Texas.

The Rattlesnake Hills gas field of the state of Washington finds

its gas in basaltic lava. In the Furbero field of Mexico some oil has

been produced from an igneous rock called gabbro.

Metamorphic Rocks

Metamorphic rocks are those that were originally either igneous

or sedimentary but which have been greatly altered by such natural

agencies as heat and pressure. Some of their original characteristics

have been destroyed and new ones have been acquired. Of the many
varieties of metamorphic rocks only schists, serpentines, and quartz-

ites are known to be reservoir rocks in existing oil fields. In every

instance they are closely associated with sediments in which the oil

is believed to have originated, and in most instances oil is also pro-

duced from sedimentary reservoir rocks that lie above the oil-bear-

ing metamorphic rocks.

Schists

Schists may be formed from the alteration of either shales or

certain kinds of igneous rocks. They are characterized by the develop-
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ment of platy minerals such as mica, and the rock is a mass of

crystals. When these rocks are unaltered they are dense, with very

low porosity and permeability. However, they may contain minerals

that are quite easily altered by circulating waters, and such altera-

tion may readjust the rock texture in such a manner as to create

porosity and permeability. Such porosity and permeability may be

reasonably continuous, making the rock comparable, in its reservoir

characteristics, to a "dirty" conglomerate or to some types of lime-

stones. Initial well productions from such rocks may be as high as

5,000 barrels a day, but recovery from an acre foot of reservoir

rock is relatively low. The irregular shapes and distribution and the

wide variation in size of reservoir openings make control of the

movement of fluids in the reservoir highly important if loss of much
of the oil in the smaller openings is to be avoided.

Schists are reservoir rocks in several fields of the Los Angeles

Basin and in the Mountain View field of the southern San Joaquin

Valley of California.
11 In each of these fields there are shallower

sedimentary reservoir rocks that contain oil, but there is no geolog-

ical reason why porous and permeable metamorphic rocks such as

altered or fractured schists should not contain oil, even if there

are no other reservoir rocks associated with them, if they are in

contact with good source beds.

Serpentines

Most serpentines are formed from the alteration of dark-colored

igneous rocks. They are characterized by an abundance of the green

or red mineral serpentine, are massive, and tend to be tough, but

neither very hard nor very soft. In the fields where serpentine is the

reservoir rock it has irregular porosity, so that unproductive loca-

tions may be surrounded by producing wells. On the other hand,

some streaks of porosity are so continuous that adjoining wells

interfere with each other, the production from one decreasing that

from another. Many of the pores or openings are large enough to

be detected easily without a lens or microscope, but others are very

tiny. Part of the effective porosity is in fissures or fractures. Meas-
urements on individual samples have indicated porosities of 32 per

cent or more,12 but 20 per cent is, perhaps, a more probable figure

for the average oil-yielding serpentine.
13 Actually, there are far too

few published data to justify more than a guess concerning porosity,

and this is even more true of permeability. Figures have been pub-

lished on water content,
12 but the water that was measured might
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have been in part or entirely drilling water from the wells, and the

figures are not regarded as significant.

Initial productions as great as several thousand barrels a day have

been recorded for wells securing production from serpentine reser-

voir rock, but such large producers may be offset by wells good for

but 10 to 25 barrels a day. The available records of average pay

thickness are not sufficiently precise and reliable to justify an esti-

mate of yields from an acre foot, but these yields are comparatively

low, for in none of the fields where serpentine is the reservoir rock

is there a natural water drive to supplement the dissolved gas as

an oil-displacing agent. Also, the porosity is so erratic that some
porous lenses may have escaped the drill entirely, and a good deal

of oil may be trapped in zones of low permeability.

Oil has been produced from serpentine reservoir rocks in about

13 fields in Bastrop, Caldwell, and Williamson Counties in central

Texas. The most important has been the Lytton Springs field of

Caldwell County. 14

Quartzite

Quartzite results from the metamorphism of sandstone or con-

glomerates. The original grains may not be distinguishable, and the

original openings between the grains have been filled with silica so

that the rock is a solid, dense mass, with practically no porosity or

permeability. If such a rock is to serve as a reservoir rock, openings

must be created by Assuring or breaking the rock. In the few known
instances where oil has been produced from quartzites the reservoir

space is in the form of fissures or joints. Quartzites are even less

important than igneous rocks as reservoir rocks, but there are at

least three fields in central Kansas that have produced oil from

them. 15

ACCUMULATION OF OIL AND GAS

Very little, if any, of the oil and gas found in oil pools originated

in the reservoir space of the pool. In fact, most of these openings

were filled with water before the oil and gas moved in and forced

the water out. The cementation of clastic rocks, the modification

of limestones and dolomites, which could be accomplished only by

circulating waters, the presence of crystals with clean, sharp facets

in both clastic rocks and calcareous sediments, the characteristics

of the openings in limestones and dolomites, which demonstrate that
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rock was dissolved by water and carried away, and the connate

water found in practically all oil fields testify that, before the oil

and gas accumulated, water was at work over a long period.

Even if this convincing evidence were ignored, it would not be

possible to believe that the oil and gas originated in the space they

now occupy in oil pools, for if that space had been completely

packed with organic matter, either plant or animal, and had been

converted into petroleum by some natural process, the petroleum

would fill but a small fraction of the space required to accommodate

the source material.

Oil and gas, being lighter or less dense than the water which

occupies most of the openings in the earth's crust, tend to move
upward, since that is the direction in which pressure decreases. If

they can find a continuous upward route they will reach the surface

of the earth, but if, in the course of their journey, they encounter

obstacles they cannot penetrate, and which they cannot move around

except by moving downward, which is the direction of increase of

pressure, migration will cease and the oil and gas will accumulate.

Any combination of conditions that will thus preclude upward or

lateral movement of oil and gas is a potential trap.

There is some relation between the extent and richness of source

beds and the magnitude of oil pools. Of course, no trap can be filled

beyond its capacity, but it is usual, rather than uncommon, to find

water occupying a part of the trap which might, judging purely

from geometrical considerations, have been filled with oil or gas. It

has not been possible to establish a quantitative relationship because

geologists are still unable to identify source beds definitely; even if

they could do so, it is unlikely that they could accurately appraise

the original richness of the source beds. In general, however, the

"collecting area" tributary to the trap and covering a very substantial

area must be regarded as bearing on the magnitude of the accumu-

lation in any pool.

That appreciable quantities of oil can accumulate even though

avenues for migration of oil are restricted to the vicinity of the pool

is demonstrated by the fields in central Texas in which the perme-

able formation is a mass of serpentine restricted to the area of the

field; the oil must have come in by a lateral movement from the

shale beds, with some streaks of sand, that surround the permeable

reservoir rock. This is demonstrated also in shoe-string sand fields,

such as those of eastern Kansas, where the permeable reservoir rock
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does not extend laterally into the enclosing shales which, presumably,

were the source rock.

Traps

Intimate familiarity with trap characteristics is essential, for the

search for petroleum and the development and operation of oil and

gas pools after they are found depend on the geometry of the trap as

well as on the nature of the reservoir and the properties of the con-

tents. Several classifications of traps have been suggested by geolo-

gists.
16, 17, 18, 19 The writer prefers Wilson's classification.

16 For

details the reader is referred to the publications cited and to the

detailed descriptions of individual oil fields in the Bulletin and spe-

cial publications of the American Association of Petroleum Geolo-

gists.

The vital elements in all traps for petroleum are barriers that

preclude either the lateral or the vertical movement of oil and gas.

Any concept of a petroleum trap that does not completely meet this

requirement is inadequate and must be corrected before the prob-

able limits of any accumulation of petroleum in the trap, and the

geological conditions that will control the amount and distribution

of petroleum in the trap, can be satisfactorily established.

The barriers responsible for the original accumulation were pro-

vided by reservoir rocks folded or faulted in such a manner as to

bar escape from the trap except by downward movement, or by

changes in permeability that prevented continued upward or lateral

migration. In most pools these barriers that were responsible for the

original accumulation may still be detected, but in some instances,

where earth movements subsequent to the accumulation of the oil

and gas would seem to have left the way clear for the escape of

the hydrocarbons from the original trap, they apparently have been

replaced by new barriers formed subsequent to the original accumu-

lation but prior to more recent tilting of the strata.

It has been suggested that such barriers may be formed by

mineral that has cemented or plugged the openings of the reservoir

rock. There can be no doubt that cementation by minerals would

prevent the movement of fluids. There are many instances in which

the original barriers responsible for the accumulation of oil pools

were tightly cemented rocks seemingly continuous with and differ-

ing only in permeability from the strata through which the oil had

moved and in which it had accumulated. There also are some known
instances in which the cementation of the rock adjacent to a pool

must have taken place after the accumulation of the oil. The most
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obvious and extensive occurrences of this type are in the oil pools in

the Clinton formation of eastern Ohio, where wells find no water,

oil, or gas unless they encounter an oil or gas pool. Today the

siliceous strata are indurated to the consistency of a whetstone, yet

once there must have been sufficient connected permeability to permit

the oil and gas to migrate into and accumulate in the pools where

they are now found.

Reservoir Contents

Petroleum reservoirs contain gas, oil, and water. Even though

the wells may appear to yield oil almost if not quite free from gas

and without any trace of water, as in the wells completed early in

the life of the Eldorado, Kansas, field, some gas invariably is pres-

ent, and there are only one or two known fields in which there is

any uncertainty concerning the presence of water.

The gas is usually gaseous hydrocarbon, but there may also be

present carbon dioxide, nitrogen, hydrogen sulfide, helium, and prob-

ably traces of other gases.

The gas may be "free," in which case it fills part of the reservoir

to the exclusion of oil. Commonly, such gas-filled parts of the reser-

voir are the highest parts of the trap in which the oil and gas have

accumulated, and the contact between the gas-filled and oil-filled

parts of the reservoir is approximately horizontal, but there are

numerous exceptions to this general rule. A large part of the gas

in all petroleum reservoirs and all of the gas in others is in solution

in the oil at the time that the pool is opened by the first well.

The water that exists in the oil- and gas-bearing parts of a petro-

leum reservoir is called "connate water." It is in no sense a part

of the edge or bottom water, but occurs along with the oil and gas

throughout the reservoir, even in its uppermost regions. Connate

water is important primarily because it reduces the amount of pore

space available to oil and gas ; it also has effects on their recovery.

It is rarely, if ever, uniformly distributed throughout the reservoir,

but varies with the rock texture and mineral composition, and with

the proximity to edge or bottom water.

Edge and Bottom Water

The terms "edge water" and "bottom water" refer to free water

in a permeable reservoir rock just below the limits to which a trap

is filled with oil and gas. This water can be said to make the "floor"

of the trap. The difference between "edge water" and "bottom
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water" is not in the character of the water but in the manner of

occurrence. If the oil or gas fills the entire thickness of the reser-

voir rock throughout much of the trap, as in Figure 4, the water

is considered to enter the trap along the "edge" of the oil-bearing

stratum as petroleum is withdrawn and is termed "edge water." If

oil or gas does not fill the entire thickness of the reservoir rock

throughout much of the trap, as in Figure 5, so that most or all

of the wells in the pool will pass from oil-saturated into water-

saturated rock if they are drilled deep enough, it is natural to speak

of "bottom water."

The contact between the rock that will yield oil with little or no

water and the rock that will yield water with little or no oil may be

Fig. 4—Cross Section of the Sugarland, Texas, Field Showing Position

of Edge Water. (After McCarter and O'Bannon)

either so abrupt that the line between the oil-filled and the water-

filled rock is strikingly sharp, or it may be a gradation rather than

a line. In some wells drilled across the oil-water boundary there is

an abrupt color change from the brown or black staining due to the

oil, to the natural color of the rock itself. In other fields the cores

from the water zone contain so much oil that to casual inspection

they differ little, if any, from those taken in the "commercial" part

of the reservoir rock. Oil can be extracted from such cores with

solvents. They have a petroleum odor and oil may even "bleed" in

droplets on the surface of the core, but a well completed in such

rocks will yield little if any oil. These "water cores" may have a

musty odor or a salty taste, and an experienced driller will often

correctly surmise that they will yield little if any oil to a well. The
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only certain test, however, is a production test of the interval in

question. Even the electric log, which is, in clastic rocks, quite sensi-

tive to the existence of a high salt-water content, may fail to detect

the presence of a prohibitive amount of water. If the reservoir rock

is limestone or dolomite, or if it contains fresh rather than salt

water, the electric log will rarely indicate the oil-water contact.

The geological significance of a sharp boundary between oil and

water is that the trap has not "leaked" or shrunk throughout geologic

SCALE
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Fig. 5—Cross Section of the Amelia, Texas, Field Showing Oil Pool

Underlain by "Bottom Water." (After E.
J.
Hamner)

time and therefore contains all the oil that went into it. If the rocks

are heavily stained with oil below the level at which water-free oil

can be obtained, it is possible that part of the oil or gas that orig-

inally filled the trap escaped through fractures or because the trap

was tilted and allowed some of the oil to "spill" after it originally

was filled. Another possible explanation is that the regional pressure

in an extensive permeable rock, of which the reservoir rock is an

integral part, increased after the petroleum accumulated in the trap,

and the space occupied by oil and gas was reduced through imposi-
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tion of pressure. This increased pressure would reduce the volume

not only mechanically by squeezing, but by increasing the solubility

of gas in oil or of oil in gas.

DETERMINATION OF RESERVOIR CHARACTERISTICS

The essential knowledge relating to a reservoir rock cannot be

determined by casual inspection any more than the speed of a horse,

the taste of fruit, or the quality of water can' be appraised by a

glance. The business of recovering oil cannot rest on impressions

or guesses. The mineralogy of the rock must be determined, not

in general terms but in terms of specified minerals with reasonably

close estimates of percentages. If secondary minerals have modified

the original nature of the rock, the nature of the alteration and its

bearing on porosity and permeability should be known. Particular

attention should be given to clay minerals, since among the clay

minerals are the culprits that obstruct or, in some instances, prevent

the movements of fluids. The mineralogy of the clay minerals is

imperfectly known, but in all instances it is at least possible to deter-

mine whether the minerals swell when brought into contact with

water.

The size distribution of the grains that make up such rocks as

sandstones and conglomerates should be determined. As a rule, rocks

with a high percentage of grains of uniform size tend to have uni-

formity of porosity and permeability, and the reverse is true of

those which are a heterogeneous assortment of fine, medium, and

large grains. The shapes of the grains also are worth noting. There

are not as many voids in a pile of bricks as in a pile of baseballs.

Such observations on grain shape and size not only permit gen-

eralizations concerning porosity and permeability, but also bear on

sanding, caving, and other production problems.

Just as mortar can convert a pile of stones into a solid wall, so

can the natural mineral cements eliminate much or all of the porosity

in rock. Most of the reservoir rocks are cemented to some extent.

The nature of the cementing mineral and the extent to which it has

occupied what were originally voids between the grains of clastic

rocks should be recorded. If the passages between the grains are

greatly constricted, space otherwise available for oil or gas is

reduced. Unfortunately, this is not the only undesirable effect. The

percentage of connate water is, as a rule, higher in very tiny open-

ings than in larger ones, further reducing the reservoir space avail-
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able for hydrocarbons. Also, water retards the movement of oil in

fine openings, so the possible recovery of such oil as is present is

impaired. If the cement is carbonate, easily soluble in acid, the

permeability near the well bore may be artificially increased to

improve both the rate of production and the total recovery.

The thickness of individual beds should be observed. The rock

at and close to the bedding planes deserves particularly careful

attention to see whether or not there are selvages or skims of clay,

mica, or grains of silt size, and whether or not there has been cemen-

tation which would "case harden" the rocks at the bedding planes

or partings. The reservoir geologist must also be alert to detect

the presence of free oil on bedding planes, since such openings, if

oil-filled, may increase the oil reserves by a gratifying amount. For
the same reason, as much as possible should be learned about joints

and fractures. If joints or fractures are abundant and are not filled

with mineral cement they may comprise a very important part of

the reservoir space. Unfortunately, just as the wind that turns the

windmill may shake the fruit from the trees, so may fractures which

provide important oil-filled reservoir space also serve as easy channels

along which edge water may invade the pool irregularly and reduce

the recovery.

Some of the required determinations may be revealed by study

of cuttings or small fragments, but for most of them cores are

required. If an operator is to recover as much as possible of the oil

in a reservoir he will do well to secure cores completely through the

reservoir at a number of locations distributed throughout the pool.

Generalizations based on a single core are no more valid than the

assumption that the performance of a single well will represent what
may be expected from all wells in a pool.

The geometry of the reservoir should be determined as precisely

as possible. Of course, this cannot be done until enough wells have

been drilled completely through it to outline the limits of the oil

and gas accumulation, although approximations may be based on

a few wells, particularly if seismic work is available that checks

with the well data. The configuration of the upper and lower sur-

faces of the reservoir should be established by maps showing struc-

ture contours, and the thickness of the rock by maps with iso-

pachous lines. The assumption that the contact between oil and

edge or bottom water is a horizontal plane is rarely safe and may
lead to very serious mistakes. The contact must be conclusively

established in a number of wells.
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The amount of reservoir space available depends on the volume

of the reservoir rock and the amount of effective porosity. Satisfac-

tory determinations of porosity can be made from cores or even

from comparatively small fragments. Many determinations of rep-

resentative samples distributed both vertically and laterally through-

out the reservoir bed are needed. The porosities of the carbonate

rocks are particularly liable to have a broad range. The technique

described by Imbt20 for injecting plastic into the rock and then dis-

solving the rock substance so that a cast of the porosity remains for

inspection should greatly improve understanding of the oil storage

space in such rocks and should also permit accurate determination

of the available reservoir space in selected samples.

For the permeability determinations, which now are considered

essential to effective reservoir engineering, cores are indispensable

;

these cores must be large enough to permit plugs an inch, and pre-

ferably more, in length to be cut from them in a direction parallel

to the bedding of the rock.

Free or undissolved gas in the reservoir is revealed by well

behaviors, drill-stem tests, electric logs, and cores. The only criterion

that is completely diagnostic is well behavior. Drill-stem tests may
indicate free gas when actually a water block has been formed

which prevents oil from entering the hole. If the test is extended

over a period of some hours such a condition should be disclosed,

but, as a rule, drill-stem tests are of short duration. Electric logs,

in their present stage of development, are no more dependable than

their empirical interpretation. Two students may reach equally posi-

tive but otherwise quite different interpretations. Cores containing

light oil may lose that oil so completely while they are being cut

and withdrawn from the well that little trace of its presence is detect-

able. Also, many reservoir rocks that are stained with oil will yield

only free gas to a well.

The connate water present in some amount in most, and prob-

ably in all, petroleum reservoirs can be detected and measured only

in cores. The technique for securing cores that will yield satisfac-

tory measurements has been given careful consideration,21 '22 and

great pains must be taken to make reasonably accurate determina-

tions possible. Many determinations of connate water, distributed

both laterally and vertically throughout the reservoir rock, are

required to furnish a real understanding of the amount and distribu-

tion of the water.
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The reservoir space not occupied by free gas or by connate

water in a newly discovered pool is occupied by oil. "Nature abhors

a vacuum." It is not imaginable that there is empty space surrounded

by and in connection with gas, oil, or water under pressure. The
amount of oil present in any reservoir must be determined by dif-

ference. The total space, that filled with free gas, and that occupied

by connate water can be approximately determined if cores, measure-

ments, and observations are adequate.

DISCOVERY OF PETROLEUM RESERVOIRS

Throughout the early years of the petroleum industry those who
drilled for oil depended on the appearance of substantial quantities

of oil, either in the well bore or actually flowing from it at the sur-

face of the ground, to inform them they had penetrated an oil reser-

voir. The manner in which the drilling bit penetrated the rock, with,

perhaps, some additional information from the rock "cuttings"

recovered from the hole, was used to tell them whether the reservoir

rock was thick or thin. The term "gusher" was a familiar and com-

mon word, and photographs or drawings of wells with derricks half

hidden by a black cloud of oil that towered above the crown block

were commonplace in the literature and on stock prospectuses. There

was no "discovery" unless oil rose for some distance in the well

bore ; all too frequently it was made emphatically apparent by thou-

sands of barrels of oil that blackened the landscape before the well

was brought under control.

There were, of course, some disappointments. Oil or gas might

enter the hole with such pressure as to throw the drilling tools

through the derrick and roar from the well-head impressively for

hours or even days, after which the flow would abruptly cease and

all efforts to re-establish entry of oil or gas in important quantity

into the well would fail. The driller would conclude that he had

encountered a "pocket" of oil or of gas and would either abandon

the well or drill ahead, the decision depending on his finances, the

condition of the hole after the convulsive entry of oil or gas, and

his ideas concerning possibilities at greater depth. In many instances

the diagnosis that the drill had encountered a "pocket" was probably

essentially correct. It had penetrated an oil- or gas-filled fissure or

permeable rock in an isolated body of small dimensions. In other

instances, however, he turned his back on an oil pool of commercial
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importance which was later rediscovered and developed by more

skillful or more fortunate operators.

Cable tools were used exclusively in the early days of exploration.

The assumption that if oil or gas was encountered in a well drilled

with such tools its presence would unquestionably be recognized is,

even today, held by many. This is because only a little water is used

with cable tools—just enough to keep the tools cool and to make a

thin slush of the rock cuttings—so the pressure inside the hole is

far below that which commonly exists in permeable rocks containing

free liquid or gas. However, if the pressure in the reservoir rock

should be very low the presence of oil might conceivably be missed.

If the reservoir rock contained a large proportion of clay minerals

that would swell when brought in contact with fresh water, the

rock close to the hole might quickly be made impermeable. Also,

under some conditions it is desirable to drill with water standing

high in the hole. When this is done it might be possible to drill

through a low-pressure reservoir without detecting the existence of

oil.

Cable tools have now been replaced by rotary tools in all areas

where the formations are soft, where high pressures are anticipated,

where many water-bearing strata must be penetrated, or where great

depth must be attained. They are used in preference to cable tools

in many fields where conditions offer no particular handicap to the

cable tools but where the greater speed with which the rotary tools

can complete a well is considered important. Rotary tools have

played a very important part in the development of the petroleum

resources of the world, but the speed and certainty of making hole

they brought with them were, for many years, to some extent offset

by uncertainty concerning the nature of the formations they pene-

trated, and whether or not the drill had gone through petroleum-

bearing reservoirs. This was so true that dry exploratory wells

drilled years ago with rotary tools are not looked on now as con-

demning a prospect if there is geological reason for considering that

prospect favorable. Even today the handicaps to discovery have not

been completely overcome.

When the hole is full of mud-laden drilling fluid, as it should

be when a well is drilled with rotary tools, the pressure of the mud
column exceeds the pressure in most of the petroleum reservoirs that

may be encountered. The drilling fluid tends to hold back, or to drive

back into the permeable formation, oil and gas that would enter the

hole if the pressure differential were reversed, so that little or no
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"showing" of oil or gas may appear in the drilling fluid. Ingenious

methods to detect the presence of oil and gas in the hole, and to

determine accurately the depth, thickness, and nature of the stratum

in which they occur, have been developed, but there must be further

improvements before the danger of overlooking the existence of

potentially important petroleum reservoirs is completely overcome.

The old maxim of the explorer that "the best evidence of oil is

oil" still holds. The most satisfactory methods for detecting the

presence of an oil reservoir are those that result in its being actually

seen, smelled, or tasted. The oldest of these methods is "full-hole"

coring, which consists in cutting and removing from the well a solid

core or column two, three, four, or more inches in diameter of the

rock penetrated by the core bit. To expedite and lower the cost of

coring, methods of sampling or taking small cores from the sides

of a drill hole have been developed. Such samples are secured at

depths where cuttings, drilling characteristics, or the patterns on
electrical or radioactive logs suggest reservoir rock may be present,

or they may even be taken at random.

Solvents for oil, such as chloroform, ether, carbon tetrachloride,

and acetone have long been used on cores and cuttings from wells to

detect the presence of oil that might not be manifested by color or

odor. More recently, ultraviolet or "black" light has been employed

for this same purpose, since oil, even in minute quantities, betrays

its presence through characteristic fluorescence. Ultraviolet light is

also used to detect the existence of traces of oil in drilling mud.
Methods of analysis have also been developed that will reveal the

presence of traces of gas in drilling mud.

The method by which an "electric log" of a bore hole is secured

has unquestionably contributed more to the discovery of petroleum

in wells drilled with rotary tools than has any other aid ; in addition,

it is now an indispensable geological tool in many areas. Oil, gas,

fresh water, and rocks of certain types may be indicated by relatively

high resistance to the passage of electrical current. Permeable rocks

may be indicated by the contrast of the so-called "self-potential."

Radioactive logs are used to supplement the information secured

from electric logs, or to secure information not otherwise obtain-

able. The electric log can be secured only in an uncased hole, while

the rocks are in contact with the drilling fluid in the hole, whereas

the gamma rays that are responsible for radioactive records will pene-

trate the steel casing. The radioactive characteristics recorded are

controlled by the existence of specific minerals in the formations and
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therefore are primarily useful to increase knowledge concerning

the distribution of rocks of different types. Whether or not such

rocks are sufficiently likely to contain petroleum to justify testing

rests on geological inference.

If there is doubt that petroleum has actually been encountered,

or as to which of several oil-bearing strata in a single hole should

be opened for production, drill-stem tests may be used as a prelim-

inary to completing the well. They may be run in either a cased

or an uncased hole.

All of these methods, coring, testing, and logging, are employed

extensively in the search for oil and gas. The instruments and tech-

niques are by no means perfect, and erroneous interpretations are

sometimes made. However, they are being continuously improved.

Directly and indirectly, they must be credited with responsibility

for the discovery of many important pools.

OIL FIELDS

A distinction has been made between an "oil pool" and an "oil

field." According to Lahee, 23 "A pool ... is an underground accumu-

lation of petroleum in a single and separate natural reservoir ....

characterized by a single pressure system so that production of

petroleum from one part of the pool affects the reservoir pressure

throughout its extent. In all directions a pool is so bounded by

geologic barriers that it is effectively separated from any other pools

that may be present."

According to the same author, "A field may be a single pool or

it may consist of two or more pools all on or related to the same

geologic structure. Where there is more than one pool in the same

field, the several pools are separated from one another through

geologic causes .... the pools may occur at several horizons of dif-

ferent geologic age separated by relatively impervious strata and

in such cases they may directly, or only partly, overlap one another

in a horizontal sense ; or they may not overlap at all."

An oil or gas "pool" then is the oil or gas in a single reservoir.

A field may include more than one reservoir. The provision that the

several reservoirs in a single field should be "on or related to the

same geologic structure"
23

is not strictly followed in common usage.

If two reservoirs overlap horizontally, or even if they do not but

are in close proximity, as may occur when reservoirs in monoclinal

or in flat-lying rocks are confined by impermeable rock rather than
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by deformation of the strata, the separate reservoirs are often con-

sidered parts of the same field.

There is but one valid criterion by which single reservoirs may
be recognized as such. There must be "pressure connection," which

means continuous or interconnected permeability throughout the

reservoir, so that a change in the pressure in one well or in one part

of the reservoir will ultimately affect the entire reservoir. For prac-

tical purposes, this adjustment must take place and be detectable

in days, months or, at most, a year or two. There is reason to believe

that some of the relationships that have been observed in oil fields

required geologic rather than finite time for their establishment. A
permeability connection that would permit readjustment of pressure

in a thousand years probably would not be detectable; it certainly

would not need to be considered by the petroleum engineer. To him
such a connection would be a barrier separating the oil accumulation

into pools in two distinct reservoirs.

Single reservoirs or "pools" commonly are in strata or layers of

rock such as sandstone or limestone that are laterally continuous and

fairly uniform in character throughout the extent of the pool. If

they do change in nature the changes are usually progressive and

gradual rather than abrupt. The characteristics are well manifested

in such fields as Burbank, Oklahoma, 24 and Mexia, Texas. 25 The
reservoir rock in these fields may be broken by streaks or layers of

impervious shale, but these barriers are not traceable from well to

well throughout the field.

However, single reservoirs may also include two or more perme-

able layers or strata that are separated by layers of impermeable

rocks. Many fields are known where two or more such oil-bearing-

strata, separated by thick bodies of impermeable rock, have oil-water

contacts at the same datum with respect to sea level. An excellent

example is the Crescent field of Oklahoma. (Figure 6). Where this

condition is found there can be no doubt that there was intercommuni-

cation and adjustment, presumably along fissures or fractures, be-

tween the separate oil-bearing strata at some time in the life of the

pool. Whether or not the avenues of communication still function can

be determined only by pressure measurements during the life of the

field, or by observed interference between wells that have been bot-

tomed in separate strata. In many instances it will be found that

pressure adjustment no longer will take place at a measurable rate

;

should such adjustment occur the several oil-bearing strata are but

parts of a single reservoir.
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Multiple reservoirs may occur in a laterally continuous rock

stratum that is broken into compartments by impermeable barriers

formed by local cementation of the reservoir rock. Fortunately,

such occurrences are relatively rare. More commonly there may be

two or more closely adjacent pools in permeable rocks that occupy

similar or identical positions with respect to overlying and under-

lying strata, but which are locally replaced by shale or impermeable

limestone or dolomite. However, in most of the fields containing

Fig. 6—Cross Section of Crescent, Oklahoma, Field Showing Three
Reservoir Rocks with Common Water Level. (After

Clark, Tomlinson and Royds)

more than one reservoir the reservoirs are separated, vertically, by

thicknesses ranging from tens to thousands of feet of barren strata,

and both the reservoir rocks and the oil in the different "pools" may
have wide ranges in properties.

On the other hand, there are many fields in which the reservoir

rocks are comparatively thin and are separated by impervious layers

which also are thin. In extreme cases the field may comprise a great

number of porous strata, each only a few inches thick, which are

sandwiched between thin layers of shale. In some instances, a thick

oil-bearing sandstone or limestone may be divided into oil-bearing
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layers by impermeable streaks or beds parallel to the upper and

lower limits of the reservoir rock. Such divisions, particularly if

they are due to cementation or to the siltiness or dirtiness of the

reservoir rock, cannot be detected unless the complete thickness of

the reservoir rock is cored and core recovery is perfect. In order to

secure an adequate yield of oil from individual wells it is often

necessary in such cases to open several or many of these oil-bearing-

strata into the same well.
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Chapter IV

CHARACTERISTICS OF

RESERVOIR FLUIDS

THE FLUIDS IN THE RESERVOIR

Efficient recovery of petroleum from underground reservoirs

requires not only a thorough and intimate knowledge of the specific

physical features of each particular reservoir, but also a complete

understanding of the characteristics and behavior of its contained

fluids. These fluids are water, oil, and gas. Although usually a

brine, the connate water that occupies a part of the pore space in

almost all petroleum reservoirs does not differ materially from
water of similar composition at the surface; it is important chiefly

because it decreases the amount of space available for occupancy

by oil and gas and because, through its effect on certain materials

within the producing formation, it may modify the sizes and shapes

of the interstitial pore spaces through which the oil and gas must

flow. The properties of oil and gas, on the other hand, may be far

different at the pressure and temperature of the reservoir than

at the surface.

Phase Behavior

The States of Matter

Under ordinary conditions of observation at atmospheric pres-

sure and temperature, three states of matter are recognizable:

solid, liquid, and gas. They are readily distinguishable by such

elementary features as the tendency of a solid to retain a definite

shape and to resist deformation, whereas liquid and gas yield

readily to any imposed force, each modifying its shape to fit that

of a confining vessel. A liquid is usually readily distinguishable

from a gas in its ability to establish a surface in a partially filled

container; a gas will completely fill any confining space.

Although petroleum may exist in solid forms, these solids

cannot be recovered except by mining operations. This chapter is

concerned primarily with petroleum as a fluid, a material that

can flow into a well bore from an underground reservoir, and in

those characteristics that affect its recovery.
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Petroleum a Complex Mixture

Petroleum is a tremendously complex substance. It Is prepon-

derantly a mixture of hydrocarbons, but frequently it contains

carbon dioxide, nitrogen, and hydrogen sulfide in significant pro-

portions as either dissolved or free gases, together with heavier

sulfur-, nitrogen-, and oxygen-bearing compounds. The liquid

crude oil produced at the surface may be predominantly paraffinic,

naphthenic, or aromatic; it may contain a large proportion of

asphaltic materials, or almost none. The chemical composition

controls not only the products recovered or manufactured from

a petroleum, but its physical characteristics and behavior as a fluid.

The lightest hydrocarbon is methane ; it contains only one carbon

atom in each molecule. It boils at atmospheric pressure at -258. 5°F.

and when pure cannot be liquefied at a temperature above -116°F.

It is the dominant constituent of most natural gas. As the number
of carbon atoms in the molecule increases, the hydrocarbons become
progressively denser and their boiling points progressively higher,

so that they grade from gases through liquids and finally to solids

at normal temperature. For example, ethane, which has two carbon

atoms in each molecule, boils at -127.5°F.
;
propane, with three

carbon atoms, at -44°F. ; iso-butane and normal butane, with

four carbon atoms, at 10°F. and 31°F. ; and normal octane, with

eight carbon atoms, at 258°F. The lighter hydrocarbons in petro-

leum can be separated and identified individually, but the number

of individual hydrocarbons containing more than about eight to

ten carbon atoms is so great that they can be identified only by

groups or classes.

These materials find their way into commerce as different

products. Methane is sold as natural gas ; ethane is usually included

in the natural gas along with methane, but is sometimes separated

for use in chemical manufacture
;
propane and butanes are frequently

separated and sold as liquefied petroleum gas (LPG or bottled

gas), and, along with pentane, hexanes, and some heavier materials,

are stripped from gas and sold as natural gasoline. Heavier materials

are commonly separated by boiling range into such products as

gasoline, kerosene, diesel fuel, heating oils, lubricating oils, and

residual fuels. Asphalts and waxes are sold as solids or semi-solids.

If the petroleum in a reservoir consists predominantly of

materials that are normally liquid, it is produced in the form

commonly recognized as crude oil. If it is predominantly methane,
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with only slight or moderate amounts of heavier material, it is

produced in the form of natural gas. If the gas recovered at the

surface is produced from an oil well, it is commonly called casing-

head gas. If it issues from a gas well, no particular designation

other than natural gas is commonly used, except that if the gas

is accompanied by no liquid at all it is sometimes called dry gas,

and if accompanied by a small or moderate amount of liquid

separated at the surface it is sometimes called wet gas. Even if

a gas is "dry," it may still contain in the gaseous state heavier

hydrocarbons that may be stripped from the gas in an absorption-

or refrigeration-type natural gasoline plant. Natural gasoline is

commonly recovered from both casinghead gas from oil wells and

natural gas from gas wells.

The petroleum in a reservoir may represent any degree between

the extremes of predominantly gaseous hydrocarbons or predom-

inantly liquid hydrocarbons. The material may be present as two

phases, liquid and gas, or as a single phase, all reservoir liquid

or all reservoir gas. The state of the petroleum in the reservoir

cannot always be inferred from the character of the material

produced at the surface, for both liquid and gas are usually obtained

at the surface regardless of whether the well is producing only

reservoir liquid, only reservoir gas, or a mixture of both.

The reservoir state of material produced from shallow pools

of moderate reservoir pressure is usually readily recognizable as

being obviously reservoir liquid, reservoir gas, or a mixture of

the two. As wells are drilled deeper, encountering reservoirs at

higher pressures and temperatures, the distinction between the

phases becomes less sharp and their compositions tend to become

more alike, so that in many cases extensive experimental tests are

required to characterize properly the material in a deep reservoir.

It is very important to determine whether the oil and gas produced

by a well exist in the reservoir as a single-phase liquid or gas,

or whether they represent a mixture of two reservoir phases.

Phase Diagrams

One method of portraying the state of a mixture is by use of

a phase diagram. A phase diagram is a plot that shows the state

under various conditions. Several types of diagrams are employed

for this purpose, but one that is particularly useful in describing

the character of petroleum in a reservoir is a diagram that shows
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the effects of pressure and temperature on the number of phases

present.

Because petroleum is a mixture of thousands of different

materials, some gaseous, some liquid, and some solid when isolated

in the pure state at atmospheric conditions, its physical behavior

differs in many important respects from that of a single pure

substance. These mixed materials dissolve in each other to form

homogeneous liquid- or gas-phase solutions, and the state of the

petroleum is dependent on the character of these solutions.

Figure 7 shows the contrast between a pure material and

petroleum. Figure 7-A is a phase diagram for a pure substance,

and Figure 7-B is an idealized phase diagram for a petroleum.

For a pure substance there is a single equilibrium line representing

the vapor pressure of the material as a function of temperature

;

at the pressure and temperature indicated by the line, liquid and

vapor can coexist at equilibrium, but at any other condition the

material is either all liquid or all gas. The vapor-pressure line

terminates at a critical point, labeled C in the diagram. At

temperatures higher than the critical only a single fluid phase can

exist, regardless of the pressure. In the case of a pure substance

the single fluid phase at temperatures higher than the critical is

commonly considered to be gaseous, and it is commonly stated

that a material cannot be liquefied at temperatures above the critical.

In the case of petroleum this simple behavior no longer holds.
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Fig. 7—Illustrative Phase Diagrams
Fig. 7-A—Pure Material Fig. 7-B—Petroleum
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Instead of a single-line relationship between pressure and tem-

perature along which liquid and gas can coexist, there is a broad

region of temperature and pressure within which liquid and gas

can both be present at equilibrium. This region is bounded on one

side by a bubble-point line and on the other by a dew-point line,

these two lines joining at a critical point. At the critical temperature

and pressure the composition and all other properties of the gas

and liquid become identical. Outside of the region bounded by

the bubble-point and dew-point lines only a single homogeneous

fluid phase can exist. Of particular significance is the fact that

in the case of petroleum the critical temperature is no longer the

maximum temperature at which a liquid can exist; liquid may
exist within a large region of temperature and pressure enclosed

by the dew-point line above the critical temperature. This condition

leads to peculiar phenomena that become of great importance in

the production of certain types of petroleum reservoirs.

Reservoir State

The bubble-point line and the dew-point line are called phase

boundaries. They identify the pressure and temperature at which

a change in state will occur. For example, at a point in the upper

left-hand portion of the diagram in Figure 7-B, at a temperature

below the critical and at a pressure above the bubble-point line,

the petroleum will all be in a single homogeneous phase. Since

this phase can exist only when it is confined under pressure it

cannot be identified readily as either liquid or gas. If the pressure

is reduced the petroleum will continue to exist as a single homo-
geneous phase until the bubble-point pressure is reached. At that

pressure the material will begin to change from a single phase

to two phases, the first evidence being the formation of a bubble

of gas. At pressures lower than the bubble point the material will

continue to remain as two phases until the dew-point pressure is

reached. It will then become a single gas phase. While two phases

are present they are identifiable as liquid and gas because the

liquid has a surface.

Conversely, if the petroleum is at a temperature higher than

the critical and at a pressure higher than the dew-point line in

Figure 7-B, it will again be a single homogeneous phase. If the

temperature, although higher than the critical, is less than the

highest temperature enclosed by the dew-point curve, and if the
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pressure is reduced while the temperature is maintained constant,

the material will continue to exist as a single phase until the

dew-point pressure is reached. At that pressure a second phase

will begin to form, the first evidence being the formation of a

droplet of liquid.

The state of the petroleum in a reservoir is identified by the

relation of its dew-point and bubble-point pressures and tempera-

tures to the reservoir temperature and pressure. If a single-phase

reservoir material is not at its dew-point or bubble-point tempera-

ture and pressure within the reservoir, the state of the material

cannot be defined except arbitrarily. However, the convention that

has been adopted and which has the support of common usage is

that the material is called liquid if at reservoir temperature a

reduction of pressure will cause a bubble of gas to appear when
the phase-boundary pressure is reached, and the material is called

gas if at reservoir temperature a reduction of pressure will cause

liquid to form when the phase-boundary pressure is reached.

This convention is important in several respects. It makes it

possible to predict from identification of the reservoir state whether

gas will be evolved from solution or whether liquid will condense

within the reservoir if the pressure is reduced. It is also necessary

to the definition of crude oil and natural gas for such purposes as

contracts and state regulations governing production.

RESERVOIR OIL

The behavior of petroleum in the reservoir may be more readily

understood by separate consideration of the extremes represented,

on the one hand, by a preponderance of material that will be

produced in the form of liquid crude oil accompanied by a small

or moderate amount of natural gas, and, on the other hand, by
a preponderance of material that will be produced in the form of

gas accompanied by no liquid or by only a moderate amount of

material recoverable as liquid under normal surface conditions.

In the case of the ordinary liquid crude oil the reservoir state

is presumed to be obviously liquid, and it is not necessary to

consider the entire phase diagram to delineate the pertinent facts

concerning its behavior. The temperature region of interest is

bounded by the reservoir temperature as a maximum and the

surface temperature as a minimum. Similarly, the pressure region

of interest is that lying between the original reservoir pressure
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and atmospheric pressure. In the case of the typical liquid crude

oil the dew-point line is of no interest, as the liquid contains a

high proportion of components of such low volatility that extremely

high vacuum would be required to achieve complete vaporization

within the temperature region involved in production. Also, the

critical temperature of a normal crude oil would be so much higher

than the reservoir temperature that the phase region above the

critical temperature would be of no interest in production operations.

This high-temperature phase region cannot even be investigated

experimentally because of cracking of the heavier components of

the oil at the temperatures that would be involved.

The pertinent behavior of the typical liquid crude oil may be

reduced, therefore, to consideration of the properties of the reservoir

oil and its dissolved gas and of the physical changes that may take

place in the reservoir or at the surface during the course of

production.

Pertinent Properties of Typical Reservoir Oil

The important properties of the reservoir oil are its composition,

including, particularly, the amount of volatile material that may
escape to become gas; the changes in state that the fluid may
undergo, including specifically the amount of gas that will be

released from solution at any pressure and temperature encountered

during production; the pressure at which dissolved gas will first

escape; the shrinkage of the reservoir oil caused by escape of

dissolved gas ; and those properties of the oil and gas phases that in

any manner affect their movements within the reservoir.

Sampling of Reservoir Oil

It is common practice to determine experimentally the important

properties of a particular oil by laboratory tests of a representative

sample of the reservoir liquid. Samples of reservoir oil can be

obtained most conveniently through the use of a subsurface sampling

device, which is lowered on a wire line to the bottom of an oil

well and procures under pressure a sample of the oil and its

dissolved gas. Various types of such sampling devices are in use,

and the taking of subsurface samples is common practice. Some
investigators prefer to obtain samples representative of reservoir oil

by taking from a surface separator samples of the produced gas and

oil and combining them in the produced proportions. Either method

is suitable, local conditions usually influencing the choice. These
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samples, regardless of their source, are compressed to produce a

homogeneous fluid phase and are heated to reservoir temperature,

and the pertinent determinations are made under simulated reservoir

conditions. The factors determined, their significance, and the

experimental procedures involved are outlined in the foliowing-

discussion.

Composition

It is customary to determine by a process of fractional distillation

at low temperature the amount of each individual volatile hydro-

carbon dissolved in the reservoir oil through normal pentane, and

to determine by fractional distillation at higher temperature the

amounts of those heavier hydrocarbons that may escape with the

dissolved gas to a significant degree during production. Since

hydrocarbons containing ten or more carbon atoms have very low

volatility at normal temperatures and pressures, the higher tem-

perature distillation is usually not carried beyond the boiling point

of the ten-carbon-atom hydrocarbon, decane. There are a large

number of individual hydrocarbons containing from six to ten

carbon atoms in each molecule, and their boiling points are so

close together that it is not usually practical to separate and identify

each individually by a fractional distillation process. The hydro-

carbons from hexanes on are therefore usually identified in groups

according to a boiling-point range.

It is customary to determine, in addition to the amounts of

volatile materials, certain properties of the remaining oil from

which the volatile materials have been removed. The density,

the average molecular weight, and the viscosity are frequently

determined.

It is important to know the composition of the reservoir oil

because it is possible to calculate from the composition the changes

in certain properties of the oil and its released dissolved gas that

will result from changes of pressure or temperature during the

course of production.

Saturation Pressure

The volatile materials dissolved in the reservoir oil have a

natural tendency to escape from solution to assume the form of

gas. They are kept in solution by the pressure prevailing in the

reservoir. The pressure that is just sufficient at the prevailing
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temperature to prevent any escape of dissolved materials is com-

monly called the saturation pressure or the bubble-point pressure.

If the imposed pressure is greater than the saturation pressure,

no dissolved volatile materials can escape from solution; if the

imposed pressure is reduced to a value lower than the saturation

pressure, dissolved materials leave the oil and become gas. The
saturation pressure is determined experimentally by varying the

pressure on a confined sample of reservoir oil and determining the

point at which the first bubble of gas escapes from the solution.

This point is usually identified by a sudden increase of volume of

the material as the pressure is reduced. It should be noted that the

saturation or bubble-point pressure of a reservoir oil is the same

phase-boundary pressure referred to in connection with Figure 7-B.

The saturation pressure is important because it is the reservoir

pressure below which dissolved gas will be liberated from the oil

and will begin to occupy reservoir space formerly filled with oil.

The amount of gas initially associated with the oil in a reservoir

is not always sufficient to saturate the oil at the prevailing tem-

perature and pressure; if it is insufficient to do so, all of the gas

will be dissolved in the oil and only a single liquid phase will exist

within the reservoir. In such an instance the oil will be under-

saturated, in that the pressure exerted by the dissolved volatile

materials in their attempt to escape from solution will be less than

the reservoir pressure, and more gas could be held in solution in

the reservoir oil if such additional gas were present. Many reservoirs

are found to contain undersaturated oil, an outstanding example

being the East Texas field. The original average reservoir pressure

in that field was 1,620 pounds per square inch, but the saturation

pressure of the oil at reservoir temperature averaged only 750
pounds per square inch.

If the amount of gas initially present with the crude oil exceeds

the amount that can be held in solution at reservoir temperature

and pressure, the excess gas exists as associated "free gas,"

occupying, usually, the upper part of the reservoir as a gas cap.

The designation "free" is employed to indicate that this excess

gas is not dissolved in the liquid oil but exists separately as a

distinct gas phase. When excess gas is present the reservoir oil in

immediate contact with the free gas is usually saturated, but oil

further down dip in the reservoir is under greater pressure and

is not usually saturated at its prevailing reservoir pressure. Pools

have been encountered in which most of the oil was quite under-
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saturated with gas even though free gas was present in the upper

part of the reservoir and there was no physical barrier between the

gas and the oil.

Since the saturation pressure may or may not be equal to the

original reservoir pressure in a pool, and since it has been found

that the oil in different parts of the same reservoir may differ in

composition and saturation pressure, experimental sampling of the

oil from a representative number of wells in each reservoir is

necessary for proper determination of the characteristics of the

reservoir oil.

Dissolved Gas

A certain amount of confusion exists regarding gas dissolved

in crude oil. This confusion is a natural result of concepts based

primarily on the behavior of pure substances and simple mixtures,

coupled with failure to modify the concepts to fit the behavior of

such a complex substance as petroleum.

The gas dissolved in the liquid crude oil phase in the reservoir

is nothing but the volatile components. While in solution it is an

indistinguishable part of the complex, but homogeneous, liquid

phase. So long as this gas remains dissolved it imparts certain

properties to the liquid and is as much a part thereof as is any

other part of the liquid. The dissolved gas can be identified as

gas only by a process of separation. Confusion arises from the

fact that the amount of dissolved gas that may be separated from

a liquid crude oil depends not only on the composition but also

on the manner by which separation is achieved.

This behavior is different from that of the solution of a pure

gaseous material in a single-component or non-volatile liquid, as,

for example, the solution of carbon dioxide in water. The solubility

of carbon dioxide in pure water at any particular pressure and

temperature may be precisely stated as an invariant quantity

dependent only on the temperature and pressure; it is the same

whether one measures the amount of gaseous carbon dioxide that

may be forced into the water at the specified conditions, or

measures the amount of carbon dioxide removable from water

previously saturated at the specified conditions.

It is possible to determine from experimental measurements

the amount of gas liberated from or separated from a crude oil

under a specified sequence of operations, but the amount liberated

to any final temperature and pressure depends upon the separation
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procedure employed. Thus, the amount of gas dissolved in a crude

oil cannot be stated as a single quantity but only in terms of a

liberation procedure. In spite of this limitation, the "dissolved gas"

is a useful concept when properly employed to describe qualitatively

the amount of volatile material present in an oil or that will escape

from an oil under certain known conditions.

Flash or Equilibrium Vaporisation—When a sample of a typical

reservoir oil is placed in a closed vessel of variable volume and heated

to reservoir temperature, and the pressure is systematically reduced

from reservoir pressure to atmospheric pressure while equilibrium is

continuously maintained between the gas and liquid phases, a progres-

sively increasing amount of gas is released from the liquid phase.

This gas phase contains not only hydrocarbons from methane through

butanes, but also pentanes, hexanes, and heavier materials, including

even traces of hydrocarbons containing ten or more carbon atoms. As
the pressure is reduced, the gas phase increases in quantity at the

expense of the liquid phase; the gas phase grows in volume, and

the liquid phase shrinks. Such a process of gas liberation, in which

equilibrium is continuously maintained between the two phases,

is commonly called a flash vaporization process. Maintenance of

equilibrium means that each kind of material present in the mixture

distributes itself between the gas and liquid phases in accordance

with the prevailing pressure and temperature in such proportions

as to preserve continuously an equal tendency to escape from either

phase. By appropriate measurements one may determine by such

a process the volume and composition of the gas liberated to any

reduced pressure, and the volume and composition of the residual

liquid. Corresponding charts or tables may then be prepared

showing the amount of "dissolved gas" liberated by flash vapor-

ization from the particular oil at a specified temperature. Because

the volatility of each of the hydrocarbons comprising the crude

oil depends on the temperature, both the amount and composition

of the liberated gas would be different if the liberation were

effected at a different temperature.

Differential Liberation—When the experimental process just de-

scribed is modified so that after each stepwise reduction of pressure

the incremental quantity of liberated gas is removed from the system

instead of remaining in equilibrium with the residual oil, the process

is that of differential liberation. The amount and composition of the

gas liberated to any pressure, and the amount and composition of the
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residual crude oil are different from the results obtained by the

equilibrium vaporization process.

Gas Liberation in the Reservoir—It is common practice to carry

out experimentally both types of liberation process on samples of

reservoir oil. The process of gas liberation that occurs within the

reservoir is not exactly represented by either flash or differential lib-

eration. When the reservoir pressure is reduced below the saturation

pressure of the oil the gas that first escapes from solution in the

reservoir remains behind instead of flowing with the oil. At a later

stage of pressure reduction gas may escape from the reservoir more
readily than does the oil, approximating conditions of differential

liberation. Fortunately, the differences between differential and flash

vaporization are usually minor at moderate to high pressure, becom-
ing large only at low pressure, so that it is usually possible to approxi-

mate from either type of measurement the amount of reservoir gas

liberated during early stages of depletion of a pool, and to use

approximations based on differential liberation for later stages of

depletion should the reservoir be so operated as to reach low pres-

sure.

Surface Separation—After oil and gas have entered a well bore,

the mixing that occurs during their travel through the tubing and

flow line to a separator is usually sufficient to bring about equilibrium

between the phases. Thus, the separation of gas and oil in a surface

separator may usually be represented with sufficient accuracy for

most engineering purposes by a flash vaporization process at the tem-

perature and pressure of final separation. The oil leaving the separator

undergoes a second or third flash liberation process in flowing

through an intermediate separator or to the stock tank. It is the

composition of the material entering the well bore and the effects of

these separations that together fix the shrinkage of the oil in passing

from the reservoir to the surface, the density of the residual crude

oil, and the produced gas-oil ratio.

Formation Volume Factor

It is a customary procedure to measure in a stock tank the volume

of oil produced from a well or lease, to determine the density, and

from the density, with the aid of correction factors, to correct the

measured oil volume to what it would be if the oil in the tank were

gauged at a standard temperature of 60 °F. The density is also cor-

rected to 60° F. ; in the United States it is usually reported in terms

of a specific gravity scale as degrees API.
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The reservoir temperature in most oil and gas fields is higher

than 60°F., often being as much as 200°F. in deep reservoirs. Dur-

ing the course of production, the shrinkage of the oil that results

from escape of some of the volatile components as liberated dis-

solved gas, and a contraction of volume caused by the temperature

reduction on removal of the oil from the reservoir to the stock tank

together bring about an over-all reduction of the volume of the

liquid oil phase. These effects are usually determined experimentally

and grouped together as the shrinkage. The shrinkage factor is com-

monly used to designate the fractional volume of oil in a stock tank,

corrected to 60°F., obtainable from a barrel of reservoir oil meas-

ured at the original reservoir temperature and pressure with all of

its volatile components still in solution. The formation volume factor

is commonly used to designate the converse, the volume of reservoir

oil required to yield a barrel of stock-tank oil at 60°F.

These factors are essential for accurate estimation of the recover-

able oil content of a reservoir and for certain calculations, explained

in later chapters, that are required for analysis of the behavior of

an oil reservoir. Since the shrinkage is dependent to a large extent

on the amount of dissolved material lost from the oil in the form

of gas, it is influenced by the separation procedure employed. Accu-

rate determination of the applicable shrinkage factor requires, there-

fore, determinations as nearly as possible representative of the spe-

cific conditions encountered by the oil during the course of produc-

tion for each particular pool.

Calculation of Properties

If the composition and the density of the reservoir oil are deter-

mined, it is possible to calculate from the known behavior of hydro-

carbon mixtures many of the properties of the reservoir oil. Among
the items that may be calculated are the saturation pressure, the

amount and composition of the dissolved gas that will be liberated

from the oil by either an equilibrium or a differential separation

process, the shrinkage of the oil, and the gravity of the remaining

oil. Such calculations are particularly useful for determination of the

effects of various surface separation conditions on the volume and

composition of the separated gas and the gravity and residual volume

of the oil recovered in the stock tank.
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Properties That Change in the Reservoir During Production

The physical character of the oil in a reservoir is determined

by its composition and environment. Of particular importance to

oil recovery are the changes that may take place within the reservoir

during production. The environment changes through decline of

reservoir pressure, and the composition of the reservoir oil changes

because dissolved volatile materials are liberated from the liquid

to become gas. The dissolved gas components affect particularly

the density, the volume, the viscosity, and the interfacial tensions

of the liquid reservoir oil, each of which has an important effect on
oil recovery.

The changes are usually determined by laboratory measurements

carried out at reservoir temperature on representative samples of

reservoir liquid. The measurements are made by compressing the

reservoir liquid sample to a pressure above the original reservoir

pressure and repeating the determinations of the properties of the

liquid as the pressure is systematically reduced and gas is released

from solution. The following sections outline the manner in which

these properties change in the reservoir as the pressure declines.

Volume and Density—So long as the reservoir oil remains com-

pletely in the liquid state its volume and density are relatively insensi-

tive to change of pressure, the liquid material being only slightly

compressible. Down to the saturation pressure, pressure decline

causes a small increase of volume and a corresponding minor decrease

of density. When the saturation pressure is passed, further reduction

of pressure causes a rapid change. Gas escapes from solution, and

two phases are thereafter present. The liquid shrinks and at the same

time becomes more dense. With continued reduction of pressure the

gas phase grows in volume, both by augmentation through further

escape of volatile material from the liquid, and by expansion; the

liquid phase continues to shrink because the volumetric loss of mate-

rial to the gas far exceeds the slight tendency of the remaining liquid

to expand with decline of pressure. Within the range of moderate to

high pressure the shrinkage of the liquid phase is very nearly directly

proportional to the pressure decline and to the weight of gas

released from solution.

As a combined result of the changes taking place, the total

volume of the oil-gas mixture continuously increases with decline

of pressure. This fact has led many to think of reservoir liquids as

expansible materials that increase in volume with reduction of pres-

sure. It is very important to note that the liquid does not expand;
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the liquid phase actually shrinks; the apparent expansion comes

entirely from the fact that the volume of the liberated gas phase

always exceeds the shrinkage of the liquid phase.

Viscosity—Viscosity is that property of a liquid that describes its

resistance to flow. It is the opposite of fluidity. Water has relatively

low viscosity, but molasses has a high viscosity. At the saturation

pressure the viscosity of a reservoir liquid is at a minimum. At a

pressure higher than saturation the effect of compression is to in-

crease slightly the viscosity of the liquid oil. When the pressure is

reduced below the saturation pressure and dissolved gas escapes from
solution, the viscosity of the remaining liquid oil phase increases

because of the loss of the lighter components.

The viscosity of a typical reservoir oil increases several fold

when the pressure is reduced from the saturation pressure to atmos-

pheric. Since the ease with which oil can move through a reservoir

rock is directly related to its fluidity, it is readily apparent that the

increase of viscosity that results from decline of reservoir pressure

and release of gas from solution will adversely affect oil recovery.

Interfacial Tensions—Surface tension is that property of a liquid

that causes an isolated drop or bubble to assume a spherical shape.

The surface of the liquid is under tension because the molecules com-

prising the liquid exert an attraction for each other. This attractive

force arising within the liquid causes the liquid to assume the shape

that will have a minimum exposed surface. When the surface of a

liquid is in contact with a gas the interfacial tension at the gas-liquid

boundary is commonly called the surface tension. When two liquids

are in contact, or when a liquid contacts a solid, molecular attractive

forces are effective on both sides of the common contact boundary,

so that an interfacial tension is always present at the boundary

between a liquid and a gas, between two immiscible liquids, or

between a liquid and a solid. Surface forces have important effects

on the configurations of the phases within the small pores of reser-

voir rocks, on the distribution of the phases within the reservoir,

and on the oil recovery.

The surface tension of an oil against the gas released from

solution continuously increases as the pressure is reduced. Very few-

determinations have been made of the interfacial tension of reser-

voir oils against connate water or subsurface brines. The limited

available data indicate, however, that the reservoir oil-water inter-

facial tension decreases when gas is released from solution by pres-

sure reduction.
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Graphical Representation of Behavior

The effects of reservoir pressure decline on the amount of dis-

solved gas released from solution in the reservoir oil, on the shrink-

age of the reservoir oil as the gas is released, on the resultant reser-

voir volumes of the oil and its liberated gas, and on the viscosity

of the reservoir oil are illustrated in Figure 8 for a typical reservoir

oil.
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Fig. 8—Effects of Reservoir Pressure Decline on Properties of Reservoir

Oil and Gas

Figure 9 shows data from a number of different pools on the rela-

tionship between the amount of gas dissolved in a barrel of oil, as

measured by liberation at the surface, and the formation volume

factor of the reservoir oil.
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RESERVOIR GAS

The primary difference between a reservoir gas and a reservoir

oil is the difference in composition. Whereas reservoir oil is usually

a mixture in which the heavier, normally liquid hydrocarbons com-

prise the bulk of the material, with the dissolved volatile hydrocar-

bons assuming subordinate importance, reservoir gas is usually a

mixture in which the dominant constituent is methane and the

heavier hydrocarbon constituents are subordinate.

Phase Behavior

As in the case of the typical liquid crude oil, the reservoir state

of a gas is sometimes obvious, particularly if the reservoir is shal-

low and the pressure is low. Large quantities of gas, however, are

produced from deep reservoirs, and the gas is often accompanied

by so much material separated at the surface as liquid that the reser-

voir state is by no means obvious. In such cases the reservoir state

must be determined experimentally.

Mutual Solubility of Oil and Gas

The reason for the difficulty in identifying properly the state of

the petroleum in a reservoir is that the normally liquid and normally

gaseous constituents of the petroleum are mutually soluble. At low
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pressure the phenomenon of solution is commonly considered pri-

marily in relation to liquids. Thus, air will dissolve in water to form
a solution, but the solution of water in air to form a humid atmos-

phere is commonly thought of as simply evaporation or vaporiza-

tion. All liquids have vapor pressure ; if the vapor pressure of a liquid

is high, the liquid is said to be volatile ; if it is low, the liquid is said

to be non-volatile. Any liquid will evaporate into- any gas until the

concentration of that material in the gas is sufficiently high to resist

further vaporization. Vaporization ceases and a stable condition is

reached when the escaping tendency of the material is exactly the

same in the gas and liquid phases.

If a liquid phase and a gas phase, each containing a mixture of

materials, are confined together at the same temperature and pres-

sure, each constituent will distribute itself between the two phases

in such proportions as to bring about a stable condition of equilib-

rium. If the pressure is changed, a new distribution will take place.

At low pressure the changes in composition of the gas and liquid

are readily predictable if the vapor pressures of the constituents are

known. For example, if normal pentane is distributed between crude

oil and gas in a closed container at low pressure, the amount of

pentane in each phase will be such as to give it equal escaping ten-

dency from each. The escaping tendency of the pentane in the liquid

will be approximately equal to the product of its molecular concen-

tration in the liquid times its vapor pressure. The escaping tendency

of the pentane in the vapor will be approximately equal to its con-

centration in the vapor times the total gas pressure. If the pressure

were doubled, the escaping tendency of the pentane in the gas phase

would be increased approximately twofold, which would unbalance

the equilibrium and force pentane to pass from the gas to the liquid

to equalize the escaping tendencies again.

This behavior at low pressure may be summarized by the state-

ment that at low pressure the solubility of a gas in a liquid increases

with increase of pressure, and a volatile material distributed between

a liquid and a gas is condensed into the liquid by increase of pres-

sure. Thus, increase of gas pressure normally suppresses vaporiza-

tion.

Retrograde Condensation

The behavior described as normal is characteristic of petroleum

at the temperatures encountered in most production operations until

the pressure exceeds 500 pounds per square inch. Serious deviation
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from the normal sets in between 500 and 1,000 pounds per square

inch ; at higher pressure the behavior is not at all the same.

The concentration of methane dissolved in the liquid phase con-

tinues to increase with increasing pressure, causing the liquid oil

phase to become lighter, more compressible, and thus more like gas.

Conversely, the higher the pressure, the more dense the gas phase

becomes, the less compressible, and the more like a liquid. As the

two phases become more alike the less volatile constituents of the

mixture begin to dissolve into the gas phase, adding further to its

density and making it still more like a liquid. At the critical tempera-

ture and pressure of a mixture this process reaches a state at which

the gas and liquid phases have identical composition and identical

properties in all respects, so that the two phases become indistin-

guishable and coalesce into a single, homogeneous phase.

When considered in terms of the normal behavior of mixtures,

the increasing concentration of hydrocarbons heavier than methane

in the gas phase appears to be caused by their acquiring at high pres-

sure an abnormal volatility that makes them evaporate into the gas

instead of condensing from the gas as the pressure is increased.

Whatever may be the reason for the abnormal behavior, the sig-

nificant fact is that at high pressure the intermediate and heavier

hydrocarbons pass from the liquid into the gas phase with increas-

ing pressure and are condensed back into the liquid by pressure reduc-

tion, which is the opposite of their behavior at low pressure. The
abnormal behavior associated with high pressure has been called

retrograde condensation or retrograde vaporization. Although abnor-

mal volatility is first noticeable to a pronounced degree in the pres-

sure range between 500 and 1,000 pounds per square inch, retrograde

effects are not usually important in petroleum reservoirs until the

pressure exceeds 2,000 pounds per square inch.

Phase Diagrams

The behavior of gas in a reservoir can best be visualized in rela-

tion to its phase diagram. In contrast to the usual reservoir oil, the

critical temperature of a gas is an important factor, and the dew-

point line of the phase diagram and the two-phase region within

the dew-point loop must be investigated. Figures 10-A, 10-B,

and 10-C show phase diagrams of typical reservoir gases, illustrating

the variety of conditions that may be encountered. In each diagram

the reservoir temperature and pressure are indicated by the point R,

the surface temperature and pressure by the point S, and the critical
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temperature and pressure of the reservoir gas by the point C. The
clotted lines and arrows indicate the temperature and pressure

changes undergone by the reservoir gas during the process of pro-

duction. The gas that enters a well bore is cooled during its travel

to the surface and through the surface separation equipment. Its

temperature and pressure change in the direction indicated by the

line from R to S. The gas remaining in the reservoir is at constant
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Fig. 10—Phase Diagrams of Typical Reservoir Gases

reservoir temperature, but as gas is withdrawn the reservoir pres-

sure declines, so the pressure of the reservoir gas follows the line

from R to Tr.

Dry Gas—Figure 10-A is a phase diagram of a typical dry gas.

Such a gas is usually mostly methane with only minor amounts of

ethane and heavier constituents. It contains no very heavy hydrocar-

bons. The entire two-phase region is within a temperature region

below that to which the gas is ever subjected during production. Such

a gas will not condense during the production process, and no hydro-

carbon liquid will be trapped in any conventional surface separa-

tion equipment. Any heavier hydrocarbons that may be present in this

type of gas can be recovered only by means of a natural gasoline

plant.

Wet Gas—Figure 10-B is a phase diagram of a typical wet gas.

The gas is still predominantly methane, but contains significant quan-

tities of intermediate hydrocarbons boiling within the range of nat-

ural gasoline. No more than traces of very heavy hydrocarbons are

present. The two-phase region of the gas is all below the reservoir

temperature, and the gas that remains within the reservoir never

condenses. The gas that is produced, however, is cooled to a tempera-

ture within the two-phase region. When it passes through the tem-
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perature and pressure of the dew-point line the less volatile hydrocar-

bons begin to condense to liquid- This liquid may be separated from

the gas in a surface separator maintained at a temperature and pres-

sure within the two-phase region of the phase diagram. The liquid

separated from this type of gas was formerly called distillate. It is

usually colorless and of a much lower density than most crude oil.

Its gravity is usually above 60° API.

Because of the volatile character of the intermediate hydrocar-

bons contained in this type of gas, conventional surface separation

equipment usually provides relatively poor recovery. It is common
practice to strip the butanes and heavier materials from the gas in a

natural gasoline plant when the amount of gas and its yield are

such as to justify the cost of their recovery.

Condensate Gas—Figure 10-C is a phase diagram of a typical gas

encountered in deep, high-pressure reservoirs. Methane is still the

major single constituent, but intermediate and heavier hydrocarbons

are present to a significant degree, including, frequently, even hydro-

carbons separable as solid waxes. The two-phase region of this type

of gas extends to temperatures above the reservoir temperature. The
material is in the gaseous state solely because of the high reservoir

pressure. This type of gas is most commonly encountered in reser-

voirs deeper than 5,000 feet and having reservoir pressures exceed-

ing 2,000 pounds per square inch.

Condensation of hydrocarbon liquid from this type of gas will

take place both in the reservoir and in surface equipment whenever

the pressure is reduced to a value lying within the two-phase region.

The reservoir gas may be initially at its dew-point pressure, or

it may be initially at a pressure above the dew point. In either event,

condensation of liquid hydrocarbons takes place whenever the reser-

voir pressure is reduced to a value below the dew-point pressure.

Since the heavier hydrocarbons initially contained within the gas

but condensed within the reservoir by reduction of pressure are

normally only slightly volatile and are found in the gaseous state

because of the abnormal volatility temporarily imparted to them by

the high pressure, they do not completely revaporize as the reser-

voir pressure is reduced to a low value, but remain in the reservoir

in the liquid state. The techniques required to prevent the loss of

those liquid hydrocarbons that might condense within the reservoir

are discussed in later chapters.

The gas that leaves the reservoir is subjected to pressure reduc-

tion and to cooling, each of which causes condensation of the heavier
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and intermediate hydrocarbons. The liquid material may be sepa-

rated from the gas in conventional surface separators in the same
manner as crude oil and gas are separated. The recovered liquid is

commonly called condensate. Typical condensates grade from color-

less liquids of high API gravity to light-colored liquids of red,

green, or blue cast with gravities as low as 40-45° API. Conden-
sates produced from deep reservoirs are indistinguishable from non-

asphaltic, light crude oil. They have the same color, the same density,

and the same boiling-point range. Actually, they are crude oil, in

that they are the same material except that in the particular reser-

voir in which found they are associated with sufficient methane at

high enough pressure to evaporate them into the gas phase until

such time as the pressure is reduced.

Surface yields of condensate from reservoir gas vary from one

or two barrels to as much as 200 barrels or more from a million

cubic feet of separated gas, depending upon the composition of the

reservoir gas. There is no sharp demarcation between dry gas, wet

gas, and gas that contains condensate. Reservoir gases grade con-

tinuously in composition from one extreme to the other and, without

break, continuously into the range of reservoir liquids. The differ-

ences illustrated show the three types of behavior possible; they

are important in relation to proper recovery techniques, but they

do not indicate that there are different kinds of reservoir gas. The

present tendency is to draw a distinction solely between dry and

wet gas, and to classify all condensed liquids as condensate, whether

the condensation takes place by cooling, by pressure reduction, or by

a combination of both. Since it is not possible to tell from the char-

acter of the liquid alone, or from its yield, whether the gas will or

will not condense within the reservoir during the production process,

suitable experimental investigations must be employed to determine

the phase behavior of the reservoir material.

Pertinent Properties of Reservoir Gas

The pertinent properties of the reservoir gas are its composition,

its density, its volume expansion with pressure reduction, its state

within the reservoir, its dew point, the condensate yield, the amount

and composition of the liquid that may condense within the reser-

voir, and the ultimate yield of gaseous and liquid components recov-

erable at the surface.

106

tk



Sampling of Reservoir Gas

Subsurface samples of reservoir gas taken at the bottom of a

well contain too little material for the extensive tests required to

analyze completely the behavior of a reservoir gas. Accordingly, it

is necessary to sample the produced gas and liquid at the surface

and to recombine these samples in the proper proportions to yield

a mixture having the composition of the reservoir material.

Two methods of surface sampling are commonly employed. One
is to sample gas and liquid from a conventional surface separator

through which the well product is flowed at sufficient rate and for

a long enough time to obtain a constant rate of yield of gas and

liquid. The separator is usually calibrated, and the liquid produc-

tion is usually measured directly in the separator.

In the other method, a small tube is inserted vertically through

the wellhead into the tubing of a well, or is inserted into a flow line

leading from the well, preceded by a suitable mixing device, and a

small portion of the stream of mixed gas and liquid is passed through

miniature separation equipment, where certain determinations are

made directly on the flowing stream. It is the usual practice, when
miniature separation equipment is employed, to pass the main stream

of well product through a full-scale separator and to check the yield

in the miniature separator when it is maintained at the same tempera-

ture and pressure as the full-scale equipment.

Composition

The composition of the reservoir gas is determined by analyzing

separately by fractional distillation the samples of gas and of liquid

taken from the field separator. If the well produces dry gas with

no condensed liquid, the composition of the produced gas is the

same as that of the reservoir gas. When both gas and liquid are pro-

duced, the composition of the reservoir gas is determined by com-

bining their separate analyses in the correct proportions.

Samples taken for determination of the composition of the

reservoir gas are preferably taken at a separator pressure between

500 and 1,000 pounds per square inch to minimize the concentra-

tion of heavier hydrocarbons in the gas sample. One technique used

to increase the accuracy of the determinations is to pass a metered

portion of the gas from the separator through activated charcoal

under conditions that will retain in the charcoal the butanes and

all heavier hydrocarbons. The composition of the separator gas is
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then determined by combining with a conventional gas analysis the

results of an analysis of the material retained in the charcoal.

The separator liquid is analyzed in the same manner as is a sub-

surface sample of reservoir oil. However, since the heavier materials

may undergo a change of state within the reservoir, it is necessary

to carry the fractional distillation beyond those hydrocarbons nor-

mally identified in oil samples. True-boiling-point fractional distilla-

tions or other distillation procedures are employed to determine the

complete boiling range of the heavier materials in condensates.

Density cmd Expansion

Determination of the amount of hydrocarbon material present

in a reservoir requires that the amount contained within a unit vol-

ume of reservoir pore space be known. For this purpose, the density

of the reservoir gas is usually obtained by placing a recombined

sample of separator gas and separator liquid in a pressure container,

restoring the sample to a single-phase condition by compression at

reservoir temperature, displacing from the container at reservoir

temperature and pressure a measured volume of the reservoir gas,

and weighing the displaced quantity.

A second method is to calculate the reservoir density from the

composition.

The expansion of the reservoir material with reduction of pres-

sure is determined directly by measuring in a pressure container at

reservoir temperature the volume of a known amount of recom-

bined reservoir gas at a series of pressures from reservoir pressure

down to atmospheric pressure.

State of Reservoir Gas

Determination of the state of the reservoir material requires a

determination of the phase-boundary pressure at the reservoir tem-

perature, together with specific identification of the phase boundary

as a bubble point or a dew point. If the phase boundary is a bubble

point the single-phase reservoir material is liquid; if the phase

boundary is a dew point the reservoir material is gas.

Several experimental techniques are employed for determination

of the state, but in all of them the fundamental principles are the

same. When the pressure of a confined sample of reservoir mate-

rial within the two-phase region is progressively increased, the

volume of liquid in equilibrium with the gas either increases or
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decreases until a pressure is reached at which the sample either

becomes all liquid or the liquid disappears entirely. If the sample

becomes all liquid, the pressure at which the last trace of free gas

disappears is the bubble-point pressure, and the single phase remain-

ing is reservoir liquid. If the liquid disappears entirely, the pres-

sure at which the last trace of liquid disappears is the dew-point

pressure, and the single-phase material remaining is gas.

The required experimental determinations may be carried out

by observing directly or indirectly the changes that result from

systematic variation of the pressure of a confined sample of the

reservoir material. A pressure vessel with a transparent window
is sometimes employed to permit direct observation of the phase

changes. The phase changes may also be determined by field tests

in which a portion of the well stream is passed continuously through

a miniature separator maintained at reservoir temperature.

Either of these approaches may be used to determine also the

volume of liquid that will condense within the reservoir at reduced

reservoir pressure.

Condensate Yield

The ultimately important factor to be determined is the poten-

tial condensate yield from a reservoir gas. Since various techniques

may be employed to produce a gas reservoir, some of which involve

maintenance of the reservoir pressure and some of which do not,

and since various techniques may also be employed to remove the

condensate from the gas after it has left the well, it is necessary to

a complete determination of the potential condensate recovery to

know the composition of the reservoir gas that will enter the well

at any reservoir pressure.

Several different procedures are used to obtain the composition

of the produced gas as a function of the reservoir pressure. The
most complete information is obtained through tests conducted at

the well with miniature separation equipment of the type already

described. The test separator is heated to reservoir temperature and

is used to represent the reservoir, the pressure being systematically

reduced to represent reservoir pressure reduction. The composition

of the reservoir gas at reduced pressure is obtained directly by suit-

able analysis of the gas withdrawn from the heated test separator.

The amount and composition of the liquid that will condense within

the reservoir are determined by measurement of the rate of accumu-

lation of liquid within the test separator and analysis of withdrawn
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liquid samples. Such tests are frequently supplemented by calcula-

tions based on the composition of the gas and liquid samples with-

drawn from the test separator at a series of pressures. The composi-

tion of the reservoir gas may also be determined directly by analysis

of the gas displaced from a heated pressure vessel in the laboratory.

The field testing procedure has the advantage of yielding sufficiently

large samples for complete assay of the condensate, whereas the

laboratory samples are always of relatively small volume.

Surface Recovery of Condensate

The term condensate normally refers to the liquid that con-

denses from the gas and is physically separated in liquid form at

the surface. Since the amount of material that will be collected in

a stock tank by a simple separation procedure depends not only on
the composition of the material leaving the well but also on the

temperature and pressure of the separation and on the number of

stages of separation, the condensate yield of a gas is not a fixed

quantity. For the same reason the condensate content of a gas can

be referred to only in a semi-quantitative sense when the designa-

tion is employed to refer to the amount of condensible liquid con-

tained in the gas. For these reasons, it is preferable to evaluate a

reservoir gas in terms of the specific composition of all hydrocar-

bons heavier than methane, either individually or by suitable groups.

From the composition of the reservoir gas it is possible to cal-

culate the amount and composition of the liquid that will condense

from the gas in surface separators at moderate temperature and pres-

sure, and the amount of liquid that will be recovered in a stock tank.

From such calculations the optimum temperatures and pressures for

separation in either single-stage or multiple-stage arrangements may
be determined. The liquid yield obtainable in a stock tank may also

be determined directly by use of the miniature test equipment already

described. To determine the condensate yield, the gas from the

heated test separator is passed into a second separator maintained at

the temperature and pressure of normal field separation, and the

liquid from the second separator is passed directly into a receiving

vessel and measured. Laboratory tests also provide a direct but

approximate measurement of the liquid recoverable in a stock tank,

but do not simulate the field separation conditions.

Physical separation alone is not capable at normal surface tem-

peratures of removing completely from the gas all of the potentially
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recoverable intermediate hydrocarbons. When the volume of gas

produced is such as to warrant the capital investment required,

absorption-type or refrigeration-type processing plants are employed

to effect more complete recovery.

Condensed Water

It is often overlooked that water is always present in petroleum

reservoirs and that the reservoir gas is always substantially satu-

rated with water vapor at the temperature and pressure at which it

enters the well bore. The change of temperature and pressure of the

gas from subsurface to surface conditions is nearly always such as

to cause condensation of a part of this water, both within the well

during the upward travel of the gas and in surface equipment. This

water is sometimes mistaken as evidence of water influx in the

liquid state from the reservoir into the well, and thus erroneously

as evidence of proximity of the well to the edge or bottom water

forming the reservoir seal. Water vapor condensed from the gas

is nearly always non-saline, whereas edge or bottom water in most

petroleum reservoirs is salty.

INITIAL RESERVOIR CONDITIONS

The physical environment within which petroleum is found

influences the distribution of the phases within the reservoir, the

properties of the oil or gas, and the potential recovery. Particularly

important are the texture and character of the porous rock compris-

ing the reservoir, the variation of rock properties throughout the

reservoir, and the temperature and pressure.

Earth Pressures and Temperatures

The porous sedimentary rocks comprising most of the outer

surface of the earth are filled with water except at very shallow

depth. This water usually grades from fresh near the surface to

saline at greater depths. The water exerts a hydrostatic pressure

because of its density, and compresses the oil and gas in all petro-

leum reservoirs. Except in or adjacent to mountainous areas, the

hydrostatic pressure in the earth is usually found to increase by 430

to 460 pounds per square inch for each 1,000 feet of depth below

the regional average surface elevation. Although pressures lower
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than normal have been found in some areas, the expected initial

pressure in a petroleum reservoir 5,000 feet deep would usually be

around 2,250 pounds per square inch ; a reservoir at 10,000 feet depth

would normally have an initial pressure near 4,500 pounds per square

inch.

In some areas, reservoirs deeper than 5,000 to 7,000 feet are

sometimes found to have an initial pressure much higher than that

normally expected. The cause of these abnormal pressures is not

fully understood, but they are believed to reflect peculiar local con-

ditions and to be indicative that the petroleum reservoir is in some
manner sealed from fluid communication with its surroundings.

The temperature in the earth also increases with depth. Tempera-
tures have been measured at various depths in both mine shafts and

wells. In most petroleum reservoirs the temperature is from 6°F.

to 20°F. higher for each 1,000 feet of depth than the mean annual

surface temperature at the locality.

The pressures and temperatures of petroleum reservoirs are

measured by lowering to the bottom of a well subsurface pressure

gauges and subsurface thermometers. Many different types of instru-

ments have been constructed for this purpose ; some record the pres-

sure and temperature continuously while they are being lowered

down a well, and others record merely the maximum pressure or

temperature encountered.

The temperature within a petroleum reservoir never changes

significantly from its initial value. The reservoir pressure, on the

other hand, changes when oil and gas are produced. Since both the

pressure and temperature affect the state and properties of the petro-

leum in a reservoir, they must be measured if the reservoir is to be

operated in an intelligent manner. The initial reservoir pressure

should be measured as soon as possible after a reservoir has been

discovered.

Distribution of Reservoir Fluids

Because of their differences in density, the water, oil, and gas

in a petroleum reservoir, before they are disturbed by production,

are usually segregated by gravitation to the extent permitted by the

rock texture. Water is usually found at the bottom or lower edges

of a reservoir, oil above the water, and gas above the oil. Deviations

from this condition have been found in some reservoirs where

geologically-recent structural movements have taken place or where
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gas or oil has recently invaded a reservoir from an extraneous

source.

The connate water, however, is not confined to the lower portion

of the reservoir, but is disseminated throughout the oil- and gas-

bearing portion of the formation. It is presumed that oil and gas

accumulated in porous rocks that were filled with water prior to

accumulation of the petroleum. The initially contained water is

never completely displaced
;
part of it remains as connate water. The

retained water is contiguous with the oil or gas, occupying part of

the same pore space. This water is held in place by surface forces,

the effects of which are discussed in subsequent chapters. It is par-

ticularly significant, however, that the amount of connate water

held in the pore space is directly dependent on the rock texture. The
water wets most reservoir rocks and is held primarily in the smaller

interstices in the rock. The relative amount of water in the pore

space is greater in rocks of low permeability than in rocks of high

permeability, and is very sensitive to the presence of hydratable

clays or other mineral substances that offer large surface area for

water adsorption. The percentage of connate water in the pore space

in a petroleum reservoir is not constant, but varies with the height

above the normal water level and with the texture and composition

of the rock.

The boundary between edge or bottom water and reservoir oil,

and the boundary between reservoir oil and gas, are not plane sur-

faces of discontinuity between one phase and the other but, instead,

are transition zones within which the relative amounts of water, oil,

or gas progressively change from predominantly one to predomi-

nantly the other. The gradations, like the distribution of connate

water, are governed by surface forces and by the formation texture.

The transition zones may range from a few inches to several feet

in thickness.

Determination of Oil and Gas in Place

As pointed out in later chapters, proper operation of an oil or

gas reservoir requires complete and thorough knowledge of the

amount and distribution of the oil and gas originally contained

within a reservoir at the time of its discovery, as well as of the

properties of the original reservoir fluids. Furthermore, expenditures

for development should be based on tangible information regarding

the probable amounts of oil and gas potentially recoverable. Serious
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mistakes are sometimes made through failure to identify properly

the state of the reservoir material and its bearing on the amount of

petroleum contained within the formation.

Determination of the amount of petroleum in place in a reservoir

requires, basically, a knowledge of the porosity of the petroleum-

bearing rock, the amount of connate water present in the pore space,

and the formation volume factor, or density and composition, of

the reservoir fluids. The accuracy of the determination is obviously

dependent on the thoroughness of the information procured during

development on the vertical and lateral intervals occupied by oil and

gas, the porosity, the connate water content, and the distribution of

these latter two vertically and laterally throughout the reservoir.

Equally important are the amount of oil or gas contained within

a unit of available pore space and the recovery efficiency to be

expected.

The formation volume factor has a very important effect on the

amount of liquid potentially recoverable, particularly in deep reser-

voirs and in gas-condensate reservoirs. For example, a producing

formation with 20% porosity and 30% connate water will contain

1,085 barrels of hydrocarbon material in one acre foot. In a shallow

pool containing low gravity crude oil with a moderate amount of

dissolved gas and a formation volume factor of 1.10, the hydrocar-

bon material in that pore space would represent 985 barrels of stock-

tank oil in each acre foot. In a pool 8,000 feet deep with a reservoir

pressure of 3,700 pounds per square inch and a temperature of

210°F., producing 50°API gravity oil with a dissolved gas-oil ratio

of 1,500 cubic feet per barrel and a formation volume factor of 2.1,

the same pore space would contain only 516 barrels of stock-tank

oil in each acre foot. If, instead of crude oil, the same reservoir

contained gas with a condensate yield of 50 barrels of 50°API
gravity stock-tank liquid per million cubic feet of separated gas and

a formation volume factor of 16.7, the condensate in place would

be only 65 barrels of stock-tank material in each acre foot.

It is obvious that development expenses that might yield a satis-

factory return from a pool containing some 500 barrels of crude

oil in place in an acre foot of formation might lead to serious losses

if the formation yielded only gas and condensate. The differences in

possible yield from deep reservoirs producing on the one hand crude

oil and on the other hand condensate are such that identification of

the reservoir state of the material is critically important and should

not be based on supposition.

114



TWO-PHASE RESERVOIRS

Petroleum reservoirs frequently contain both a liquid oil phase

containing dissolved gas, and an overlying gas phase containing

vaporized intermediate and heavier hydrocarbons. In such a case

the reservoir is referred to as having a gas cap. A well completed

near the top of the reservoir may produce only reservoir gas, and

a well completed lower may produce only reservoir liquid. In reser-

voirs of this type, the characteristics of each phase must be known,

but it is not usually necessary to determine the mutual effects of

one phase on the other unless the producing conditions are such as

to cause commingling of the phases within the reservoir or at the

surface.

Difficulties arise in identifying the reservoir contents when the

nature of the reservoir or the manner of well completion is such

that the only wells available for test produce a mixture of reservoir

liquid and reservoir gas instead of a single material. When such a

condition is encountered it is frequently necessary to resort to a

combination of the testing and analytical procedures required for

reservoir liquids and reservoir gases. Subsurface sampling devices

may sometimes be employed to obtain from the bottom of a well a

sample representative of the reservoir liquid, even though the well

may produce a mixture. In other cases it is necessary to combine the

produced gas and liquid in the proper proportions in a pressure

vessel at the reservoir pressure and temperature and to remove from

the vessel separately the resultant equilibrium gas and liquid phases.

Miniature separation equipment maintained at reservoir pressure

and temperature may also be used to obtain separate samples repre-

sentative of the reservoir gas and the reservoir liquid.

Once separate samples of the reservoir materials have been

obtained, they may be examined individually by the procedures

already outlined.

NEAR-CRITICAL PHASES

In the great majority of petroleum reservoirs it is possible to

make a clear-cut distinction between reservoir liquid and reservoir

gas. In some cases, however, the composition of the material is

such that its critical temperature and pressure are very close to

the reservoir temperature and pressure. When such a condition is

encountered, a few degrees difference in temperature may make
the material shift from one phase to the other without change of
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composition or material change of character. Conditions may even

be encountered where, in a single field, the material in one formation

may show the behavior conventionally associated with the liquid

state, but identical material in a slightly deeper stratum at higher

temperature and pressure may show the behavior conventionally

associated with the gaseous state.

In cases of that sort, use of the terms liquid and gas becomes

rather arbitrary; to the extent that the terms may imply behavior

normally associated with the liquid state or the gaseous state they

may be very misleading. Regardless of the state attributed to the

reservoir material, the behavior with changes of temperature and

pressure will be very much the same whether the material be called

liquid or gas.

The significant fact from the standpoint of reservoir behavior

is that a moderate reduction of reservoir pressure will cause the

reservoir material to separate to a significant degree into two phases.

If the reservoir material is called liquid, the resultant change will

be attributed to high shrinkage caused by loss of a large quantity

of dissolved gas. If the reservoir material is called gas, the same

kind of change will be attributed to a large condensation of liquid.

The only sound procedure when material of this sort is encount-

ered is to determine as completely as possible the phase behavior of

the reservoir material and the properties of each phase at reduced

pressures. The techniques previously described are applicable, par-

ticularly those used for the study of reservoir gas.

Reservoirs of this type behave in many respects like gas reser-

voirs having high condensate yield. Efficient recovery is not pos-

sible unless their character is taken into account in the recovery

operation.
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Chapter V

FUNDAMENTALS OF OIL RECOVERY
DIFFERENCE BETWEEN OIL PRODUCTION AND

OIL RECOVERY

The technical task in oil recovery is tremendously complex and

difficult, not only because of physical limitations, but because of the

extremely misleading appearance of the problem. To all intents and

purposes the production of oil appears to be an elementary process

requiring no technical insight whatsoever. It is well known that

fortunes have been made by lucky wildcatters who drilled wells in

the right locations and produced millions of barrels of oil. In a

sense, the production of oil is obviously simple. It requires merely

the proper drilling of a well, an operation now requiring technical

planning and control, but basically a straightforward mechanical

process readily understood by the layman; the completion of that

well in an oil or gas reservoir ; and the opening of the well to a tank

to receive the oil. The mere opening of a valve usually permits the

oil to flow from the well, but if the flow is sluggish or ceases,

mechanical pumping is installed to lift the oil from the bottom of

the well.

The very obvious simplicity of the process of oil or gas produc-

tion leaves one totally unprepared for the technically involved process

of oil recovery. So effectively, indeed, was the latter problem hidden

by the apparent simplicity of the former that oil was produced in

this country for over half a century before there was any common
awareness that there existed a recovery problem. Not until individ-

uals with scientific training or an appreciation of technical considera-

tions became interested in or employed in producing oil was it dis-

covered that oil production, although a highly successful activity,

did not recover all of the available oil that had been discovered and

that something more was involved in obtaining from a reservoir

the oil that did not flow readily into the well bore.

As has been pointed out in Chapter I, the adoption currently of

measures designed to assure efficient ultimate recovery is a practical

necessity as oil becomes more difficult and more expensive to find,

and the required profit incentive exists, once it is known. The imme-
diate problem is evidently one of making the facts better known.

Each oil producer, each royalty owner, each individual or enterprise
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that has a direct effect on oil production must become aware of the

fact that oil recovery is a technical process and must be treated as

such.

Such knowledge, together with the technical developments

required to implement it, is growing and spreading rapidly. When
it is realized that the whole science of oil recovery has developed

in a matter of some twenty-five years or so from a beginning based

on the farsightedness of a few scattered individuals, and has devel-

oped in an environment in which its need was at first totally unfore-

seen and unrecognized, the accomplishments become impressive.

The record to date, the present impetus, and the future incentive

all provide assurance of a continued rapid growth of oil conserva-

tion in terms of increased efficiency of recovery. Such assurance,

however, must not be permitted in any way to lead to a lessening

in effort, but should serve rather to stimulate increased activity, in

that the sooner the facts are known to everyone concerned, the

sooner efficient practices will be universally adopted, and the greater

will be the ultimate return.

There has developed during the last twenty years an activity

known as reservoir engineering. It is based on the scientific study

of oil recovery processes, and consists in the application of the

knowledge so derived to control of the production of petroleum

reservoirs in such manner as to obtain increased ultimate recovery.

So rapidly is this activity expanding that the technology of oil and

gas recovery is undergoing continual improvement as new scientific

information comes to light and as new techniques are developed for

its application. Because of this situation, a description of the tech-

nology of oil recovery cannot be considered a final analysis. It must

be viewed as a transient interpretation of a development that may
be radically improved during the next decade. This chapter presents

certain fundamental concepts and the rudiments of their application

in a manner believed to represent a sound interpretation of the tech-

nical information now available.

FUNDAMENTAL ELEMENTS OF THE TECHNICAL
PROBLEM

The complex technical problem of oil recovery may perhaps be

more readily understood by consideration, first, of those fundamental

facts and principles that have been developed through research and

observation of field records, and, second, of the application of those

fundamentals to oil and gas reservoirs.
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Reservoir Pressure

It has been mentioned in Chapter IV that at the time of their

discovery petroleum reservoirs are under pressure. Basically, this

pressure is hydrostatic, in that oil and gas reservoirs are isolated

accumulations, and the great bulk of the pore space in all under-

ground rocks is filled with water. The pressure in most petroleum

reservoirs before any appreciable amount of oil or gas has been

withdrawn is approximately equal to that which would be imposed

by a column of water rising from the oil reservoir to the surface of

the ground. Important exceptions to this generality are known

;

some reservoirs have much higher pressure and some reservoirs

lower pressure than would be expected from the depth, but the

important consideration is that every commercial petroleum reser-

voir is under pressure at the time of its discovery.

It is this pressure that makes the production of oil a simple

process. When a well is drilled into a petroleum reservoir and a

portion of that reservoir is opened to the well bore, oil or gas will

flow into the well whenever the pressure therein is less than that in

the surrounding reservoir. Thus, flow of oil or gas may be induced

by the simple process of lowering the pressure at the bottom of the

well by swabbing or pumping. Unless that flow is stopped by arti-

ficial means, such as by a closed valve, or by the development of an

excessive head of fluid in the well bore, or by an obstruction of the

sand face, flow will continue from the reservoir into the well so

long as it is possible to maintain a well-bore pressure at the bottom

lower than that of the reservoir. Hence, the straightforward process

of oil production consists in progressively reducing the pressure in

the well to maintain it at a level lower than that of the surrounding-

reservoir until the reservoir pressure is depleted, or the oil is

exhausted, or the operation has become uneconomic.

This process is deceivingly elementary. The reservoir itself is an

interconnected network of voids in porous rock. These rocks are

usually so incompressible that substantial reduction of their pore

volume is not possible. It is not until inquiry is made into the

mechanism that sustains the reservoir pressure and permits or causes

continued flow of oil into the well bore that it becomes apparent

that there is a technical problem. It is rather natural to consider the

reservoir oil to be a compressible liquid and to consider its continued

flow into a well to be similar to the continued flow of compressed

gas from a cylinder. Such, however, is by no means the case. Oil,
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like most liquids, is a material having very little compressibility. If

it were necessary to rely solely upon the compressibility of the oil

in a reservoir the results would be severely disappointing, for a rela-

tively minute production would reduce the pressure throughout the

reservoir, and no more oil would be forthcoming. As was shown
in Chapter IV, it is not the compressibility of the oil upon which

continued flow depends, but, instead, the compressibility of a two-

phase oil-gas mixture, the volume increase of which upon pressure

decline is due exclusively to the release of gas from solution and

the expansion of that gas. The oil phase actually undergoes a shrink-

age in volume as a result of the pressure decline ; it is the action of

expanding gas or of water entering the reservoir that sustains the

pressure.

Oil Recovery a Displacement Process

It becomes obvious from these considerations that the recovery

of oil is in reality a displacement process. A pressure differential

causes oil to flow toward and into a well, but continued movement
can take place only if there is present another material to fill the

void space vacated by the oil and to maintain in that space the pres-

sure required as the driving force for continued oil movement.

Looked at in a different light, the oil does not flow from the reser-

voir but is expelled from it by a displacement process. The tech-

nology of oil recovery relies basically on a study of this displacement

process and the factors that govern its efficiency.

As a practical matter, the only displacing agents effectively

employed today in the recovery of oil are gas and water. Although

various terms have been used to describe the mechanism, depending

upon the fluid causing the oil displacement and whether that fluid

originates within the reservoir or its environs, or is injected through

wells, the important consideration is that the oil cannot expel itself

from the rock but must be expelled by a second agent.

The Displacement Mechanisms

Dissolved Gas

The oil in a newly tapped reservoir is frequently saturated with

dissolved gas at the original pressure. When a well is drilled and the

pressure is reduced therein, flow from the reservoir to the well

locally reduces the pressure in the formation, permitting gas to

escape from solution and to fill a part of the void space formerly
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occupied by the oil. Initially, this escape of gas from solution and

the resultant ejection of oil occur immediately adjacent to the well

bore only; as the process proceeds, pressure is reduced at distances

progressively further away from the well, and eventually oil is dis-

placed from pores throughout the reservoir. This process of oil dis-

placement through the agency of gas liberated from solution is

commonly referred to as dissolved-gas drive. A certain amount of

production by this mechanism occurs in all reservoirs in which the

oil is initially saturated with dissolved gas at the original reservoir

pressure ; in many reservoirs it is the dominant mechanism through-

out the producing life.

Expanding Gas Cap

If the saturated oil in the reservoir is overlain by free gas that

occupies a part of the same continuous reservoir, the process of pres-

sure reduction originating at the well is eventually transmitted

through the oil zone to the gas cap. It reduces the retaining pressure

and allows the compressed gas in the gas cap to expand, to invade

the oil zone, and to drive oil toward the regions of reduced pressure.

Such invading gas may eventually encroach throughout an entire

oil reservoir. Operation of a reservoir under this mechanism of an

expanding gas cap is commonly referred to as gas-cap drive.

Water Influx

In the event the oil reservoir comprises only a portion of a con-

tinuous porous and permeable rock formation in which water fills

the pores outside of the zone occupied by oil and gas, and if no

barriers are present, the pressure reduction that proceeds from the

well bore progressively through the oil reservoir is transmitted

eventually to the water. Since water, like oil, is a fluid and is under

pressure, the water also flows in the direction of reduced pressure

toward the reservoir and the well. Water from the surrounding

formation thus encroaches into the oil reservoir, and in so encroach-

ing it displaces oil from the porous rock adjacent to the aquifer and

drives it toward the well bore. Provided an ample supply of water

is available, and provided the continuity and permeability of the

reservoir rock are such as to permit its influx in substantial quanti-

ties, the entire oil reservoir may eventually be invaded by water,

until water reaches and drowns out all wells. Such a process may
occur regardless of whether the oil was originally saturated or
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undersaturated with gas. Under this operation, water may become

the dominant fluid agent effecting the displacement of the oil, and

water occupies the void space formerly filled by oil. Operation of an

oil reservoir in this fashion is commonly referred to as natural water

drive.

Each of these natural displacement methods is commonly opera-

tive, either singly or in combination, in petroleum reservoirs. Their

characteristics are different, the mechanism of oil recovery is differ-

ent in many respects, and the efficiency of the recovery of oil under

these three basic processes is different. Efficient recovery requires a

complete understanding of each mechanism, and the utilization of the

one that is most effective for a particular oil reservoir.

Supplemental Effect of Gravity

Although the process of oil recovery is basically a displacement,

requiring the presence of either gas or water to occupy the pore

space vacated by oil, the force of gravity, as well as the pressure

gradient, must be considered whenever the direction of fluid motion

may have a vertical component. During the later stages of depletion

of an oil reservoir produced by the agency of dissolved gas alone,

the dissolved gas originally available in the reservoir may have been

so completely exhausted, and the remaining reservoir pressure may
be so low, that gravity becomes the dominant force causing con-

tinued oil movement toward the well bore. When such a stage is

reached the oil is produced primarily by gravity drainage. Even this

mechanism is in part a displacement process in that as gravity drains

oil from upper portions of the reservoir into the lower portions, or

into the wells, the pore space vacated by the oil is filled with expand-

ing gas at low pressure. Gravity is responsible for the original segre-

gation of fluids within a reservoir ; under some conditions it can be

a primary agent for oil recovery ; it is often important in modifying

the effectiveness of the dominant drive.

Surface Effects and Multi-Phase Flow

The basic principles of fluid mechanics are applicable to the flow

of oil and gas in underground reservoirs just as they are applicable

to flow through pipe lines. Certain complicating factors are present,

however, that must be taken into account in oil recovery. The compli-

cations arise primarily from two sources : first, the small sizes and

irregular shapes of the interconnected rock interstices comprising
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the reservoir, and, second, the simultaneous occupancy of the same
pore space by at least two, and usually three, separate fluid phases,

water, oil, and gas. The physical structure of the pore network, the

mineralogic composition of the rock, and surface forces determine

the configurations of the fluids within the rock and the ease with

which they will flow.

Fluid Saturations

It is helpful under these circumstances to adopt certain conven-

tions and to employ several concepts not normally required in deal-

ing with the flow of fluids in bulk. One simple convention is the

use of the saturation as a measure of the fluid content of a rock.

Under this usage, the volumes of water, oil, or gas contained in unit

volume of the pore space in a rock are referred to as their fractional

or percentage saturations. For example, if 100 cubic inches of total

pore space contains 20 cubic inches of water, 50 cubic inches of oil,

and 30 cubic inches of gas, the water saturation, Sw, is 0.20 or 20 per

cent ; the oil saturation, So, is 0.50 or 50 per cent ; and the gas satura-

tion, Sg , is 0.30 or 30 per cent. The sum of the saturations of all

of the fluids present is always unity, or 100 per cent of the pore

space.

Capillary Pressures

Another useful concept is the capillary pressure. Whenever two

separate fluids are confined together in a small space the interfacial

tension at their mutual contact boundary causes the interface between

them to be curved, and there is a difference of pressure across the

interface. This pressure difference is called the capillary pressure.

An interfacial tension always exists at the contact boundary

between two immiscible liquids, between a liquid and a gas, and

between a fluid and a solid. Liquid-liquid and liquid-gas interfacial

tensions can be measured directly by various techniques, but the

interfacial tensions at fluid-solid boundaries can be obtained only

by indirect procedures. Familiar examples of the effects of inter-

facial forces are the rise of water or oil in a wick, the spherical shape

of a droplet of water in air or a bubble of air in water, and the

spreading of oil on a metal surface. All wetting phenomena are

related to interfacial tensions.

The magnitude of the capillary pressure across a particular inter-

face is fixed by the curvature and the interfacial tension ; the smaller
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the curvature the higher the capillary pressure. The absolute mag-

nitude of the capillary pressures in most petroleum reservoirs is

not usually large, even though the pore spaces are often quite small.

Their effects, however, are extremely important. Together with

gravity, they control the original distribution of the fluid satura-

tions within the reservoir, particularly the distribution of connate

water; through their effect on the shapes of the fluid interfaces

within the pore space they control in large measure the relative free-

dom of movement of the fluids present ; and they affect to an impor-

tant degree both the distribution of the oil saturation in contiguous

segments of the reservoir during the recovery process and the ulti-

mate oil recovery.

Relative Permeabilities

A basic law of fluid mechanics is that a fluid that completely fills

the pore space will flow through a permeable formation at a rate

directly proportional to the permeability of the formation and to

the pressure gradient, and inversely proportional to the viscosity of

the fluid. This relationship is known as Darcy's law. It is through

the statement of this law* that permeability is defined as a property

of the rock.

It has been found experimentally that when oil, water, and gas

simultaneously occupy the same pore space each interferes with the

flow of the other.

Under this condition it is no longer simply the permeability of

the formation as a unique characteristic of the rock that governs

*Rigorous statement of this law requires that the acceleration of gravity and the

direction of flow be taken into account, the rate of flow being given by the equation

-K/8P
, . \

where q = rate of flow

K = formation permeability

jx = fluid viscosity

8 P= pressure gradient in the direction x
Sx

p = fluid density

g = acceleration due to gravity

a — angle of inclination of the direction x, positive in the up direc-

tion. The units must be consistent.
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the rate of flow; instead, the rate of flow of each fluid is propor-

tional to the effective permeability of the formation to that specific

fluid at the particular conditions of saturation existing. The concept

of relative permeability has been introduced to deal with this situa-

tion.

The relative permeability of a reservoir segment to oil, or to

gas, or to water at a particular saturation is usually expressed as

either a fraction or a percentage of the permeability of the rock

when completely saturated with a single fluid. The relative perme-

ability to each of several fluids simultaneously present is not a fixed

quantity for each fluid in a given rock specimen, but for each fluid

varies with its saturation.

The relative permeability to oil has its maximum value, 100%,
when the pore space is completely saturated with oil. It decreases as

the oil saturation is reduced. Correspondingly, the relative perme-

ability to gas or to water is zero when the pore space is entirely

filled with oil, but rises rapidly as the oil saturation is reduced and

the gas or water saturation is increased. It is particularly significant

that for each fluid a certain minimum saturation is required before

that fluid will flow at all. Conversely, experience has shown that

there is no combination of oil, gas, and water saturations at which

the relative permeabilities to all three phases are simultaneously

zero ; flow is always possible for at least one of the fluids.

Wettiffg

Another important phenomenon is wetting. Wetting of a solid

by a liquid is commonly observed in the spreading of a liquid on a

solid surface and the blotting of a liquid by a dry adsorbent mate-

rial. Connate water is present in most reservoir rocks, and when
present is probably always a wetting phase.

Wetting has an effect on the relative permeability of a rock to

each of the fluid phases present. This effect arises from the effect

of wetting on the direction of curvature of the interface between

the fluids. This curvature causes the wetting liquid to occupy selec-

tively the smaller interstices of the rock, the finer pores, and the

corners adjacent to the grain contacts, and the non-wetting phase

to occupy the larger openings. The larger openings offer less resist-

ance to flow and are more permeable than the smaller openings. A
small amount of gas in the presence of oil seriously reduces the

relative permeability of a rock to oil because the gas occupies the

most permeable channels and increases the resistance to the flow of
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oil. Conversely, in a rock whose physical structure and pore sizes

are not affected by water a small amount of water does not seriously

interfere with the flow of gas or oil, because the water occupies

those interstices through which very little gas or oil could flow

even if the water were absent.

Unfortunately, many reservoir rocks contain argillaceous ma-
terial that is swollen due to adsorption of water and obstructs the

flow passages, seriously reducing the permeability to any fluid.

The permeability to oil or gas of such a reservoir rock with its

connate water present may be an order of magnitude lower than

would be measured if the connate water were removed and the

rock were dried prior to measurement of the permeabilities. Further

complications are introduced when water, oil, and gas are all simul-

taneously present, as is the usual situation in a petroleum reservoir.

The relative permeability to a particular fluid at a given saturation

is not a general characteristic of any rock material but is specific

to the particular sample of rock being investigated. For these

various reasons it does not suffice to have general information

regarding relative permeabilities ; it is essential, if a quantitative

study of the recovery mechanism for a particular reservoir is to

be made, to have actual determinations of the permeabilities to oil,

gas, and water of samples of the reservoir formation under study.

For this purpose it is necessary that cores be available that will

represent adequately both the vertical and lateral variations through-

out the oil-producing formation, and it is important that all permea-

bility measurements be made with connate water present in the rock.

THE PROCESSES BY WHICH OIL IS RECOVERED

Although the same fundamental principles of fluid mechanics

govern the action of oil, gas, and water in all petroleum reservoirs,

the actual processes by which the oil recovery is obtained differ

sufficiently in many important respects that their relative advantages

and disadvantages may be most readily understood through a sep-

arate analysis of each. The commonly used natural displacement

processes are dissolved-gas drive, gas-cap drive, and water drive.

The designation natural is used to indicate that they occur through

use of the gas or water originally contained within a reservoir or

accessible to it from its surroundings. Recovery processes relying

on injection of gas or water to carry out the oil displacement are

often referred to as artificial. It makes little difference whether the
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gas used for gas-cap drive or the water used for water drive origi-

nate within the producing formation or be provided by injection.

However, artificial gas drive and water flooding are frequently

employed under conditions that differ materially from gas-cap drive

and natural water drive.

Dissolved-Gas Drive

The basic requirements for production of oil under a dissolved-

gas drive are, first, that the pressure in the well bore be reduced

below that in the surrounding reservoir so that oil may flow toward

the well, and, second, that dissolved gas escape from solution in the

reservoir and occupy pore space voided by the produced oil. As soon

as this process has begun the pore space immediately surrounding

the well contains no longer just oil, but both oil and gas. The gas

liberated from solution within the pore space as the result of pressure

reduction will not at first flow into the well as free gas but will

accumulate as small, isolated bubbles until a certain saturation is

reached; thereafter, as the oil saturation continues to decline with

production the liberated free gas will also begin to flow into the well.

As the process continues and the oil saturation of the pore space is

further reduced, a given pressure gradient will result in a continu-

ously declining rate of production of oil and a continuously increas-

ing rate of production of the liberated or free gas. The effect of

this sequence of conditions is that as production continues the gas-

oil ratio tends progressively to increase.

In this process the only supply of a displacement agent available

for oil production is that initially stored in the form of gas dis-

solved in the compressed reservoir oil. As oil and gas are produced

more reservoir space must be filled by the expanding gas released

from solution. As a result, the reservoir pressure must continuously

decline to make that gas available, and progressively less total gas

remains in the reservoir to fill the increasing amount of reservoir

space available to the gas.

Mechanism of the Oil Displacement

The mechanism of the oil displacement is most readily followed

through analysis of the depletion history of an isolated segment of

the oil-bearing formation. If the flow of oil is substantially hori-

zontal, or if the conditions are such that the force of gravity is

relatively small in comparison to the pressure gradients caused by
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production, the driving force acting to expel the oil is the pressure

gradient. The same driving force is also acting to expel any gas

that may be in the same pore space.

Before production starts, the reservoir segment contains only

oil and connate water. The connate water is usually immobile and

plays no part in the process except to reduce the amount of space

available to oil and gas. As soon as production begins, pressure is

reduced at the well, and shortly a pressure difference is established

between the pressure in the reservoir segment under consideration

and the reduced pressure at the point of oil and gas withdrawal.

This pressure difference causes oil to flow out of the reservoir seg-

ment at a rate proportional to the pressure gradient and to the

effective permeability of the formation to oil.

Removal of oil reduces the pressure within the reservoir seg-

ment, causing two things to happen : first, gas escapes from solu-

tion from all of the oil still remaining within the segment, and, sec-

ond, the remaining oil shrinks because of its loss of dissolved gas.

The released gas completely fills the pore space vacated by the pro-

duced oil as well as that vacated by shrinkage of the remaining oil.

If it were not for this filling with gas of the vacated pore space

the pressure within the segment would quickly vanish, and produc-

tion would cease. The released gas maintains the pressure within

the segment, the degree of maintenance being dependent on the

amount of gas released from the oil for each increment of pressure

decline and on the amount of space that it must fill. Since there

must continue to be a higher pressure within the segment than

toward the well, it is the released gas that makes it possible for

the oil to continue to flow.

For a while the process continues as described. Only oil flows

from the segment, and all of the released gas remains, building up

the saturation of gas within the pore space. After the gas saturation

has reached a certain amount, the magnitude being dependent on the

texture of the formation, the process undergoes an important change.

The formation acquires permeability to gas as well as permeability

to oil, and a part of the released gas begins to flow from the seg-

ment along with the oil. Since the same driving force, the pressure

gradient, causes flow of both gas and oil, the rate at which gas

flows relative to the rate at which oil flows is directly proportional

to the ratio of the permeability to gas to the permeability to oil.

Thereafter, the efficiency of the process deteriorates rapidly. With
each increment of oil production the oil saturation declines and the
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gas saturation increases; the permeability to gas rises and the per-

meability to oil declines, so that gas flows from the segment more

and more rapidly relative to the rate of flow of oil. The condition

is further aggravated by the fact that gas has very low viscosity;

under equivalent conditions it will flow from fifty to several hun-

dred times faster than typical reservoir oils.

The flow of gas has an immediate adverse effect on the pressure

remaining within the reservoir segment. Instead of having merely

to fill the space vacated by the produced oil and by shrinkage of the

remaining oil, dissolved gas must be released in sufficient quantity,

as well, to make up for the gas that is produced. The result is that

the pressure must decline still more to release additional dissolved

gas from the remaining oil. The release of additional dissolved gas

causes still further shrinkage of the remaining oil, further reducing

the oil saturation and increasing the gas saturation, which aggra-

vates the situation still further by accelerating the flow of gas.

The result of these conditions is that the entire store of dis-

solved gas originally contained within the horizontal reservoir seg-

ment under consideration is soon exhausted, and with it the pres-

sure. There then remains no driving force to cause continued flow

of oil, and the production of oil ceases.

The process described for a segment of the formation takes

place throughout the entire reservoir; the pressure declines and gas

is liberated from solution everywhere. The result is that no matter

where a well is located or how it is completed, gas can flow into

the well bore; it is not possible by selective well completion or selec-

tive production to control the gas-oil ratio and thus to retain the

liberated gas within the pore space to increase the recovery of oil.

Recovery Efficiency

The amount of oil recoverable by the process of dissolved-gas

drive is fixed by the characteristics of the producing formation and

of its contained fluids. These are factors over which the producer

has no control. Since the factors are all fixed, it would appear that,

provided adequate factual information were available from cores

of the producing formation and from samples of the reservoir oil.

including determinations of the relative permeability of the forma-

tion to gas and to oil at various saturations, it would be possible

by a straightforward arithmetic procedure to calculate the oil recov-

ery, the gas-oil ratio, and the reservoir pressure at any stage o£

depletion of a reservoir.
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Such calculations have been made for typical isolated reservoir

elements; unfortunately, however, the complexities become so great

when an attempt is made to take into account for an entire reservoir

the effects of variations of formation texture and all of the transient

effects simultaneously occurring within various parts of the reser-

voir that the calculations become very involved. Nevertheless, they

provide a very useful insight into the mechanism of the process,

and they sharply reveal not only that the dissolved-gas drive is a

fundamentally inefficient oil recovery process, but the reason for

the inefficiency. They clearly show that oil recovery ceases because

the gas becomes exhausted, and with it the reservoir pressure, and

not because the oil has all been produced or because the oil satura-

tion has been reduced to the point of zero permeability of the for-

mation to oil.

Very direct and positive indexes to the actual efficiency obtained

at depletion are available. Since all of the original supply of gas is

produced, records of the total gas production, coupled with a deter-

mination of the amount of gas originally dissolved in unit volume

of the reservoir oil, provide a direct measure of the total original

oil content of the reservoir, and thus of the quantity remaining

behind. Coring of oil-bearing sands depleted by this process, and

secondary-recovery operations, whereby additional oil is recovered

from depleted reservoirs, also provide direct measures of the remain-

ing oil content.

The information available from all of these approaches shows

that the oil recovery by this process is of a very low order, often

in the range of only 10 to 30 per cent of the original content. Dis-

solved-gas drive is not only a basically inefficient process; it is a

mechanism that cannot be made to become efficient except through

substantial modification.

Gas-Cap Drive

The gas-cap drive consists in a progressive invasion of the oil

zone by gas, accompanied by a directional displacement of oil away
from the location of free gas and toward the wells.

The basic requirements are

1. An upper portion of the reservoir filled with gas or contain-

ing a high gas saturation.

2. Continued growth or enlargement of the gas-filled portion

of the reservoir.
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The required free-gas zone may originate in several ways, as

follows

:

1. It may be initially present as a free gas cap.

2. Under certain conditions it may be created by gas originally

dissolved in the oil but released from solution as a result of reservoir

pressure decline, which has migrated to and become segregated in

the upper portion of a reservoir under the action of gravity.

3. The gas cap may be created artificially by injection of gas

into the upper portion of an oil reservoir.

Whatever the original source of the free gas, the essential condi-

tion is that the fractional reservoir volume filled with free gas must

expand or grow at the expense of the oil-filled fraction ; this growth

must take place in a selective manner that results in the displace-

ment of oil in a structurally down-dip direction.

It is obvious that there must be certain differences between nat-

urally and artificially maintained gas-cap drives, but these differences

are more of degree than of kind. A gas cap may be created artificially

by injection, on the one hand, of only that gas produced with the oil,

or, on the other hand, by injection of sufficient additional gas

from an extraneous source to maintain the reservoir pressure at a

level equal to the original pressure throughout the producing life of

the pool. In the former case, the reservoir pressure continuously

declines and the gas cap grows by expansion as well as by augmenta-

tion. In the latter case, growth of the gas cap takes place only by

augmentation.

Mechanism of the Oil Displacement

The mechanism by which the oil is recovered under this process

is more readily understood by consideration, first, of the nature of

the displacement when the reservoir pressure is held constant by gas

injection, and, second, the differences that arise when the reservoir

pressure is permitted to decline.

It is apparent that if the reservoir pressure is maintained at its

original value no displacing fluid has access to the oil-filled pores

of the reservoir rock except at or behind the advancing free-gas

front, and the structurally lower portion of the reservoir retains

its original condition of oil saturation until reached by the invading

gas. The oil production at any time comes from the wells located in

the oil-filled region, but the oil produced therefrom is replaced by

oil moving ahead of the advancing gas. The net result, therefore,
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is that the recovered oil has come from the region behind the gas

front. Thus, the process consists in causing oil to move from the

upper portion and into the lower portion of the reservoir. The
advantage of this process is that it is possible by selective location,

completion, and operation of the wells to obtain the oil production

from a section of the reservoir containing no free gas, and thus to

retain within the upper portion of the reservoir the free gas that is

necessary for the oil displacement. It is in this maintenance of seg-

regated oil and gas zones within the reservoir that the gas-cap drive

has an advantage over the dissolved-gas drive.

Unfortunately, the action of the invading gas as it encroaches

into the oil-filled pores is not like that of a piston. Instead of cleanly

displacing all of the oil and leaving each pore filled with gas, the

invading gas is itself highly mobile and tends to flow along with the

oil as soon as its saturation within the pore space has reached an

adequate level. The only manner in which this forward movement

of gas along with the oil may be resisted is by having the pressure

in the oil zone higher than that in the gas zone. Such a pressure

condition will prevail if the oil movement is brought about by the

force of gravity. The conditions required may be visualized by con-

sideration of a vertical pipe filled with water, closed at its lower

end with a valve, and open at its upper end to the atmosphere. If

the pipe were 100 feet high the pressure at the closed end would be

43 pounds per square inch, and the pressure at the open top would

be zero. The pressure difference is caused by the pull of gravity and

the density of the water. If the bottom valve were barely opened

water would flow downward; the flow would be caused by gravity

rather than by a pressure gradient, because flow within the pipe

would be from low pressure toward high pressure. If a bubble of

air were released in the center of the pipe it would move upward
rather than downward; since air has lower density than water the

pull of gravity would be insufficient to move the bubble downward,
and the increasing water pressure in the downward direction would

force the bubble upward. This effect is the same as buoyancy. If the

gas advancing into an oil zone is to be prevented from flowing along

with the oil and ineffectively displacing it, buoyancy must be used

to resist the gas advance until the oil displacement is substantially

complete.

If the flow were essentially horizontal, or if it were otherwise

so conducted that the effect of gravity were eliminated, the degree

of desaturation of oil taking place in an oil-filled reservoir segment
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invaded by free gas would be dictated entirely by the viscosity of

the oil, the relative permeabilities of the rock to oil and to gas, and

any local capillary pressure effects caused by the difference in oil

and gas saturations ahead of and behind the advancing gas front.

If, on the other hand, the displacement were so conducted as to be

dominated by gravity, the local balance between the force of gravity

and the capillary pressure gradient would govern the desaturation.

At any stage of depletion, wells open to the formation below

the advancing gas front may be so operated as to produce oil unac-

companied by free gas, but wells open to the formation above and

behind the advancing gas front will produce both free gas and oil.

Unless the up-structure wells are closed in, or unless the free gas

they produce is returned to the reservoir, these wells may completely

dissipate the free gas and destroy the gas-cap drive. After the gas

front has reached the lower limits of the reservoir it becomes impos-

sible to avoid the production of free gas.

A gas-cap drive must cease whenever the reservoir supply of

gas is dissipated; however, oil production may continue under

gravity drainage. If the source of the drive is a natural free-gas

cap not augmented or maintained by gas injection, the reservoir

supply of gas will usually be dissipated shortly after the free-gas

front has reached the lower level of the reservoir, when free gas

can no longer be excluded from the producing wells. At this stage

the gas-oil ratio will rise sharply and the reservoir pressure will

decline rapidly. In the event the gas cap is maintained by injection,

the volume of produced gas will usually become excessive shortly

after the gas front has reached the lower level of the reservoir, and

thereafter excessive injection costs will be incurred. In either event,

the process is substantially complete when the gas zone has invaded

the entire original oil zone.

Effect of Reservoir Pressure Decline

Without gas injection, a gas-cap drive can take place only by

virtue of gas expansion. Decline of reservoir pressure to cause such

expansion is then essential. If the volume of free gas initially pres-

ent in the reservoir is large compared to the original total volume
of reservoir oil, and if free gas is not dissipated during the oil pro-

duction, the degree of reservoir pressure decline required to cause

the gas cap to expand sufficiently to encroach through the entire oil

zone may be slight, and the reservoir behavior may closely approach

that obtainable with gas injection. If, on the other hand, the original
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free-gas cap is relatively small in volume, the reservoir pressure

decline required for the necessary expansion may approach that

experienced under a dissolved-gas drive. In any event, reservoir

pressure decline of any magnitude will permit dissolved gas to

escape from solution and to develop a certain degree of free gas

saturation throughout the oil zone concurrently with the expansion

of the gas cap. When such decline releases sufficient gas from solu-

tion to raise the gas saturation of the oil zone to the point at which

the liberated gas can flow, reservoir conditions are substantially

modified. Such gas saturation increases the permeability of the oil

zone to gas and reduces the permeability to oil. The effect is to

slow the displacement of oil into the lower portions of the reservoir,

and relatively to facilitate the advance of free gas, causing the free-

gas front to reach the lower end of the oil reservoir at a higher

over-all residual oil saturation than otherwise. Under extreme con-

ditions all evidence of distinct zones high in gas saturation and

high in oil saturation may disappear. Exclusion of free gas from pro-

ducing wells may become impossible, and displacement by dissolved-

gas drive instead of by gas-cap drive may become dominant.

The adverse effects of reservoir pressure decline and release of

dissolved gas may be overcome to a large extent if it is possible to

conduct the displacement in such manner that oil movements
throughout the reservoir are dominated by gravity and the liberated

gas is forced to flow upward to the gas cap by buoyancy. Under such

conditions the recovery efficiency may closely approach that obtain-

able under complete pressure maintenance. Particularly important

under these circumstances is the necessity of producing only those

wells completed in the lowermost sections of the reservoir, in order

to prevent interception and production of the upwardly moving gas

released from solution.

Recovery Efficiency

The chief limitation of the gas-cap drive is the inherent disad-

vantage of gas as a displacing fluid. Its low viscosity and its ten-

dency to occupy the most permeable portion of the pore space per-

mit gas to flow readily through the formation without displacing

much oil. If displacement alone is relied on for the oil recovery,

gas-cap drive has only moderate advantage over dissolved-gas drive.

The advantage comes from delay of gas dissipation, from flushing

of the oil zone by a substantially greater quantity of gas than is the

case with a dissolved-gas drive, and, to the extent that reservoir
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pressure is maintained during the displacement, to suppression of

shrinkage of the oil. Offsetting the favorable factors is the tendency

of the advancing free gas to flow through the most permeable strata

and to leave uninvaded the less permeable parts of the formation.

Since the gas-cap drive usually ceases shortly after the entire

reservoir has been invaded by free gas, unless it is artificially con-

tinued by gas injection, the efficiency of the oil recovery is depend-

ent primarily on the thoroughness with which the formation has

been depleted of its oil content by the time the advancing gas front

has reached the lowermost wells. The completeness of the oil desat-

uration depends to a very great extent on the degree to which the

oil recovery has been obtained by a process of gravity drainage

instead of by displacement by gas.

The available data indicate that with favorable reservoir condi-

tions a properly controlled gas-cap drive employing gravity as the

oil-moving force is capable of yielding very high oil recovery. Under
less favorable conditions, or with improper control, the ultimate

recovery of oil may not greatly exceed that obtainable by dissolved-

gas drive.

Water Drive

Water drive is in many respects similar to gas-cap drive except

that displacement of the oil, instead of taking place at and behind an

advancing gas-oil interface, occurs at and behind the advancing

water-oil interface. The process is one in which water invades and

displaces oil from the pore space progressively from the outer bound-

aries of the reservoir toward the wells. If the oil contains no gas

originally in solution, or if the reservoir pressure decline that causes

the water to enter the reservoir is so slight as to permit only negli-

gible release of dissolved gas, the oil recovery results almost entirely

from the displacing effect of the water.

The basic requirements for this process are, first, an adequate

supply of water accessible to the oil reservoir, and, second, a pressure

differential between the oil-filled zone and the water-filled zone to

induce and maintain water invasion. The water drive may be either

natural or artificial. For a natural water drive to take place there

must be immediately adjacent to the oil zone a large volume of water

in the same formation, without any barriers between the oil and

water, and a sufficient degree of formation permeability to permit

the water to flow in adequate volume. In the event of barriers

between the oil-filled portion of the formation and the water-filled

portion, natural water drive is not possible, and water drive can be
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employed only by injection of water into the original boundaries of

the reservoir.

The water-filled formation containing the oil reservoir may
sometimes reach the surface within a few miles of the reservoir. In

such a case the supply of water for invasion of the oil zone may
become available through influx of surface water at the outcrop

or through a decline of the water level in the aquifer. Such a con-

dition, however, is not commonly encountered. The more usual con-

dition for a natural water drive is that the water invasion takes

place by expansion of water in the aquifer as a result of the pres-

sure decline transmitted thereto from the oil reservoir. Since the

compressibility of water is very slight, a natural water drive nor-

mally requires a very large and extensive aquifer containing a vol-

ume of water many times the volume of oil in the reservoir.

Mechanism of the Oil Displacement

The mechanism by which the oil is recovered with a water drive

resembles very closely the mechanism of displacement of oil by an

expanding gas-cap drive under conditions of continuously main-

tained original reservoir pressure. No displacing fluid has access to

the oil-filled pores of the reservoir rock except at and behind the

advancing water-oil front, and the higher portions of the reservoir

retain substantially their original condition of oil saturation until

reached by the invading water. The oil production at any time comes

from the wells located in the oil-filled region, but the oil recovery

has come from the region behind the water front. Thus, the process

consists in the moving of oil from the lower portion into the upper

portion of the oil reservoir, from where it is withdrawn. As in the

case of the gas-cap drive, there is maintained in the reservoir a

segregation into two zones: an upper region highly saturated with

oil and a lower region depleted of oil. Also, as in the case of gas-

cap drive, the effect of gravity may be an important element in help-

ing to maintain the required segregation between oil and water.

The pressure in the oil zone, which permits continued flow of oil

into the wells, is maintained by the invading water.

Like gas, water does not displace oil from a porous rock by a

piston-like action. As soon as water invades a section of the oil zone

and displaces some oil, the water saturation rises, the formation

acquires permeability to water, and water tends to flow along with

the oil. Water does, however, because of its much higher viscosity,

have a distinct advantage over gas as a displacement agent. Under
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conditions where gravity is not a factor and displacement takes place

solely by virtue of a pressure gradient, a given volume of water

introduced into a segment of pore space will eject substantially more
oil than will the same volume of gas. It will also accumulate to a

much higher degree, having less tendency than gas to flow on

through with the oil.

In most reservoirs having natural water drive the oil-bearing

formation is inclined rather than horizontal, and the flow is in an

upward direction parallel to the bedding. Under such a condition

there is a component of the force of gravity acting on each fluid

in a direction counter to the direction of flow. Because of the higher

density of water this force is greater on the water than on the oil

and tends selectively to retard the water advance relative to the oil

advance. Stated differently, buoyancy acting on the lighter oil tends

to move it forward at a faster rate than the water, facilitating its

displacement.

The difference between the oil saturation immediately ahead of

and behind the advancing water-oil interface depends, in part, on

the degree to which buoyancy has been effective. If the displace-

ment is dominated by buoyancy very little recoverable oil remains

behind the interface; if buoyancy has been relatively unimportant,

recoverable oil remains behind the interface and continues to flow

forward along with the water. Under the latter condition, the amount
of oil that remains at any point in a uniform element of the produc-

ing formation depends on the formation texture, the viscosities of

the oil and the water, and the amount of water that has flowed past

the point. In most water-drive reservoirs the oil displacement does

not occur entirely at the water-oil interface, but to some extent con-

tinues from the water-invaded portion of the reservoir.

After the water-oil interface has passed a well its water produc-

tion progressively increases, and its oil production continuously

declines. The process is complete, and abandonment of the reservoir

occurs, when the oil production of the uppermost wells reaches so

low a value as to be inadequate to defray the operating costs. It is

pertinent to note that in this process it is not dissipation of the

reservoir pressure that causes the production of oil to cease, but

depletion of the oil content to such a condition that the reservoir

can no longer yield oil at a commercial rate. In most reservoirs

depleted by water drive the reservoir pressure remains at a relatively

high level at abandonment.

Although in many natural water-drive pools relatively large
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volumes of water are available for flushing the oil zone, the amount
available at a satisfactory level of reservoir pressure is sometimes

limited. It then becomes important to avoid dissipation of the water.

The segregation of fluids within the reservoir into two zones, one

highly saturated with oil and the other invaded by water, makes it

possible selectively to produce oil free or relatively free from water

from wells open to the formation in only the upper portions of the

reservoir. With a properly managed operation it is possible to avoid

excessive water production until almost the entire oil zone has been

invaded. When excessive water production is not avoided it is often

necessary to inject the produced water into the reservoir in order to

maintain the water drive and the reservoir pressure.

Effect of Reservoir Pressure Decline

Since a pressure differential between the aquifer and the oil

reservoir is a necessary condition for a natural water drive, a cer-

tain degree of reservoir pressure decline must take place to permit

a water drive to become operative. Provided the permeability of the

formation is reasonably high and the rate of oil production is not

excessive, a moderate decline of reservoir pressure usually suffices

to permit adequate water influx. Under such conditions it usually

makes little difference whether the reservoir oil was saturated or

not with gas at the original reservoir conditions, in that a moderate

decline in reservoir pressure will not develop within the reservoir

sufficient gas saturation for the resultant displacement of oil by gas

to become an important part of the recovery process or for the free

gas to reach such saturation as to flow as a separate phase into the

wells.

If, for any reason, the reservoir pressure decline becomes exces-

sive, a substantial portion of the oil production may result from the

liberation of dissolved gas concurrently with the advance of water.

Such liberated gas cannot be excluded from wells, and the wells

selectively opened into the upper portion of the reservoir for the

exclusion of water may produce excessive quantities of free gas along

with the oil. It may become impossible under such circumstances to

identify the effect of the invading water; in extreme cases reservoir

pressure may decline so rapidly as to cause the oil to be produced

predominantly by dissolved-gas drive, leading to abandonment of

the reservoir as a result of a low order of oil production before the

advancing water has had a chance to flush the entire reservoir.

Effects of this sort are encountered in reservoirs in which the per-
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meability of the formation is so low as to make it impossible for

the water to keep pace with a reasonable rate of oil production, and

in reservoirs having high permeability but produced at a rate such

that water invasion cannot take place under the available pressure

differentials in sufficient volume to replace the oil produced. In some
instances, excessive decline in reservoir pressure results from the

production of excessive quantities of water.

Recovery Efficiency

In most reservoirs produced by natural water drive the available

supply of water is ample to flush the entire oil zone. Accordingly,

the ultimate efficiency of the recovery of oil depends primarily upon

the extent to which the advancing water has been made to encroach

through all parts of the oil reservoir and the thoroughness with

which it has flushed the flooded portions of the formation by the

time the operation has become uneconomic.

Under favorable conditions a properly operated water drive is

capable of yielding a high degree of recovery efficiency. Data on the

ultimate recovery from a number of water-drive reservoirs indicate

that the amount of oil remaining in the formation at abandonment

may average as low as 20 to 25 per cent of the pore space when the

reservoir oil has low viscosity. High oil viscosity, low permeability,

and excessive reservoir pressure decline reduce the recovery.

Artificial Gas Drive and Water Flooding

Regardless of the nature of the producing formation, the oil

may be displaced by gas or water injected for that purpose. The

mechanism of the displacement is in no manner different from that

previously described. If gas is injected into the structural crest of

a reservoir a gas-cap drive is created; if water is injected into or

around the lower edges of a reservoir a water drive results that

resembles natural water drive except in the relation between the

reservoir pressure and the rate of influx of water.

Geometric differences arise, however, when gas or water, instead

of being injected at one or the other of the reservoir boundaries, is

injected within the reservoir through wells interspersed among the

producing wells. When injection is carried out in such fashion the

reservoir is in effect subdivided into a number of separate produc-

ing segments, in each of which the displacement of oil is simul-
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taneously taking place, and the shapes of which are fixed by the well

patterns employed.

Because of the natural tendency of gas, oil, and water to segre-

gate according to their relative densities, gas will tend to migrate up

dip and water will tend to migrate down dip regardless of where

injected. Accordingly, the injected fluids can be retained within the

intended reservoir segments only when conditions are unfavorable

to their migration under the force of gravity. Pattern injections are

usually confined, therefore, to reservoirs having low structural relief

or nearly horizontal bedding, or low to moderate permeability, or

when production and injection rates are so high that fluid move-

ments in the reservoir are dominated by the pressure gradients rather

than by the force of gravity.

Pattern injections are commonly employed in secondary-recov-

ery operations to obtain additional oil from reservoirs depleted by

dissolved-gas drive. They have seldom been used as a primary oil-

recovery method. In a reservoir whose physical structure is suitable

for use of gas-cap drive or water drive under conditions where the

force of gravity may be employed to increase the flushing efficiency,

pattern injections cannot be expected to yield as high a degree of

ultimate oil recovery as either natural or artificial gas-cap or water

drive properly controlled to flush the entire reservoir progressively.
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Chapter VI

EFFICIENT OPERATION OF

PETROLEUM RESERVOIRS

Part One... OIL RESERVOIRS

APPLICATION OF FUNDAMENTALS

A basic working knowledge of fluid mechanics and of the spe-

cific processes by which oil is recovered is an essential preliminary,

but efficient recovery of oil requires far more than fundamental con-

cepts. The real task lies in applying such knowledge to each reser-

voir, in recognizing its specific characteristics, in choosing the process

best suited, and in operating that particular reservoir so that the

maximum possible ultimate quantity of oil may be recovered. Gen-

eralities are helpful only to the extent that they lead to recognition

of the possibility of effecting improvements, and to appreciation of

the need for quantitative technical analysis.

It is not practical to attempt in this volume a detailed treatment

of all of the elements involved in an engineering study of a reser-

voir or pool or all of the techniques involved in the evaluation and

control of different operating procedures. Some of the more impor-

tant requirements may be recognized, however, through review of

the considerations involved and the methods employed in applica-

tion of the known fundamentals to the recovery of oil from a whole

pool as distinct from their application to isolated segments of a pool.

The Reservoir as the Producing Unit

It is apparent from the descriptions of the mechanisms of dis-

placement involved in dissolved-gas drive on the one hand and gas-

cap or water drive on the other that there is a basic difference

between the former and the latter two that is primarily responsible

for the differences in ultimate recovery to which they lead. In the

dissolved-gas drive, gas is released from solution everywhere

throughout the reservoir. It occupies a part of all of the pore space.

It cannot be excluded from wells by any manner of well completion

or well operation, and there is no way to avoid its dissipation. When
the gas is exhausted there no longer remains a source of reservoir
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pressure to drive further quantities of oil into the wells. As a result,

the reservoir is depleted long before the recoverable oil content is

exhausted. The inefficiency is the direct result of the inability to

retain within the reservoir the gas released from solution. When
there is no longer within the reservoir any source of pressure to

drive additional oil to the wells, the production process must cease,

regardless of the residual oil content.

On the other hand, with a gas-cap drive or with a water drive

there does not occur simultaneously throughout the reservoir a

depletion of the oil from all of the pore space, but a selective and

progressive displacement of oil from successive portions of the res-

ervoir. In the case of gas-cap drive, the lower regions of the reser-

voir remain saturated with oil until the entire reservoir has been

invaded by the expanding gas. This condition makes it possible to

complete wells selectively to produce oil only, and thus to retain

within the reservoir until the oil is substantially exhausted the

expanding gas that is the source of the reservoir pressure. Sim-

ilarly, with water drive, the water advancing from the edge or bot-

tom progressively displaces and removes oil from the pore space

adjacent to the advancing water front and moves the oil upward.

Here, also, it is possible by proper well location and by proper well

completion to produce oil selectively and to exclude the invading

water, if necessary, in such manner as to retain within the reservoir

a source of driving pressure until the entire reservoir has been thor-

oughly flushed by water and substantially exhausted of its oil con-

tent.

The difference between these two extremes has been called by

some the difference between a depletion process, as exemplified by

dissolved-gas drive, and a displacement process, as exemplified by the

other two. In the sense that all three are displacement processes the

essential difference might be considered to reside primarily in the fact

that with the dissolved-gas drive the depletion occurs simultaneously

throughout the reservoir, whereas under the other two, displacement

occurs progressively through the reservoir from one region to an-

other. In other words, gas-cap and water drive are processes that of

necessity must lead to a migration of oil from one portion of the res-

ervoir to another. They might, therefore, be called migration processes.

It is obvious that with the dissolved-gas drive mechanism, if wells are

spaced uniformly throughout the reservoir, the characteristics of the

reservoir itself as an entity have little bearing, in that the oil pro-

duction by a particular well is influenced largely by the formation
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conditions in the region tributary to that well, without particular

regard to what may happen at a more remote location where similar

events are taking place. In the case of gas-cap drive or water drive,

on the other hand, since oil must be moved from one portion of an

entire reservoir to another portion of that entire reservoir if the

process is to be used effectively, it is the reservoir rather than the

well that becomes the basic unit of production and the behavior of

which must be controlled.

The Volumetric Balance

Of fundamental importance to control of an oil reservoir is the

volumetric balance concept; it is this concept that makes possible

quantitative interpretation of the behavior. The principle involved is

really nothing more than recognition that in a petroleum reservoir

of fixed total void space the expansion of the fluids originally pres-

ent is quantitatively equal to the net fluid withdrawal.

The volumetric balance is used through numerical computations

based on substituting into a simple algebraic equation* the known
withdrawals from a reservoir and the known unit or total expan-

sions of the original oil and free gas, and solving for such unknown
quantities as the amount of water influx, the original amount of oil,

or the original amount of free gas contained within the reservoir.

The calculations require accurate information on the original and

subsequent reservoir pressure, on the amount of oil, gas, and water

produced, and on the volumetric behavior of the reservoir fluids.

The volumetric balance is a powerful tool ; through its use it is

possible to determine from adequate production history the size of a

reservoir, its possible total fluid content, the degree of rearrange-

ment of fluids that may be taking place, the amount of water that

has entered at any particular time, and, under certain conditions,

the degree of recovery efficiency. Computations based on this con-

*The volumetric balance may be expressed algebraically by the equation
Nx + Gy = W— Z

where N is the original content of reservoir oil.

x is the cumulative expansion of a barrel of reservoir oil and its dis-

solved gas to any particular reservoir pressure.

G is the original content of free gas in the reservoir,

y is the cumulative expansion of a barrel of free gas to any particular
reservoir pressure.

W is the sum of the cumulative withdrawals of oil, free gas, and water
corrected to the volume they would occupy in the reservoir at the pre-
vailing reservoir pressure at the time of consideration.

Z is the total cumulative influx of oil, water, and gas into the reservoir
up to the time under consideration, measured at the reservoir tem-
perature and pressure prevailing.
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cept make it possible, for example, to determine not only whether

a reservoir is operating under dissolved-gas drive, gas-cap drive, or

water drive, but to determine quantitatively at any time the amount
of oil that has been produced by each mechanism, and to predict

into the future the degree to which the reservoir will continue to

operate under each of these drives under any given set of probable

future conditions. Through computations based upon this approach

it is possible early in the life of a pool to detect conditions that will

lead ultimately to inefficient recovery and to take steps to modify the

operating conditions in such fashion as to bring about increased

efficiency.

As the whole volumetric balance approach requires the use of

operating data, it is obvious that the results obtained can be no

better than the data employed in the calculations. For this reason,

one of the prime requirements for efficient ultimate oil recovery is

adequate and complete information systematically obtained on the

reservoir pressures, including the original pressure, and on the pro-

duction of oil, gas, and water from each well within the reservoir.

Identification and Prediction of Recovery Mechanisms

Frequently, an oil pool is operated without deliberate selection

of a recovery mechanism. Instead, the natural reactions of the res-

ervoir to the oil production set the conditions. It becomes important

under such circumstances to determine as early as possible in the

life of the pool the exact and specific processes taking place within

the reservoir and, insofar as possible, whether the existing natural

mechanisms are efficiently or inefficiently effecting the oil recovery.

If adequate information is available, quantitative identification of

the recovery mechanisms is possible through analysis by the volu-

metric balance. If the available information is not adequate for

quantitative analysis, certain readily distinguishable differences in

behavior of a reservoir under dissolved-gas drive, gas-cap drive,

and water drive make it possible to identify qualitatively the domi-

nant mechanism.

Qmjlitaiive Detection of Dominant Drive

The principal differences that may be relied upon to distinguish

between the different drives are as follows

:

1. The reservoir pressure.

Under the dissolved-gas drive the reservoir pressure declines
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continuously toward atmospheric; the decline is substantially pro-

portional to the cumulative volumetric withdrawal and is relatively

independent of the rate of production.

If a natural gas-cap drive is the dominant mechanism the reser-

voir pressure will usually decline at a moderate rate ; the larger the

free gas cap, the less the decline per unit of production. If the gas

cap is large and free gas is not dissipated, the reservoir pressure may
remain at a fairly high level until the gas cap has completely invaded

the oil zone.

If water drive is the dominant mechanism the reservoir pressure

should remain at a reasonably high level throughout the production

process.

2. The gas-oil ratio.

Under a dissolved-gas drive the gas-oil ratio usually commences

at a low level, declines slightly, rises to a maximum, and thereafter

falls in all wells regardless of where or how they are completed.

Under a gas-cap drive the gas-oil ratio rises continuously in

upstructure wells but, if reservoir pressure has been sustained,

remains relatively constant in downstructure wells until they have

been reached by the advancing gas front. After the advancing gas

front has invaded the entire oil zone, all wells will have extremely

high gas-oil ratios.

If water drive is the dominant mechanism and the reservoir pres-

sure has been maintained at a high level, the gas-oil ratio will remain

at or close to the dissolved ratio in all wells.

3. Water production.

If dissolved-gas drive is the dominant mechanism by virtue of

physical barriers preventing water influx, water production should

be negligible.

Water production should also be negligible in a sealed reservoir

dominated by gas-cap drive.

If water drive is the dominant mechanism downstructure wells

should produce water at an early date ; their water production should

continuously increase, and wells progressively upstructure should go
to water as the water advance continues.

Quantitative Analysis

Although the differences mentioned are adequate to characterize

the dominant mechanism provided information is available on the

reservoir pressures, on the gas-oil ratios of individual wells, and on

the history of the water production of individual wells, this mini-
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mum of information is by no means adequate to determine the spe-

cific degree to which any one mechanism is operative, or to deter-

mine quantitatively over the life of the reservoir the portion of the

ultimate recovery attributable to each mechanism. In order to deter-

mine such quantitative factors it is necessary to use the volumetric

balance and to calculate for the entire reservoir and for each sig-

nificant portion thereof the exact manner and degree of depletion

and the mechanism responsible for it. Such calculations are essen-

tial to prediction of the conditions that will prevail in the future.

The need for such calculations may be made evident through con-

sideration, for example, of a reservoir containing both saturated oil

and a free gas cap, and located in a highly permeable formation

filled with water throughout a large portion of its extent, with no

permeability barriers to prevent water influx. The reservoir pressure

will be reduced to some extent as a result of oil production

no matter how slowly the oil is withdrawn. The opening to produc-

tion of the first well sets in motion the following chain of events

:

The reservoir pressure declines in the immediate neighborhood of

the producing well, permitting a certain amount of gas to escape

from solution in the reservoir. To this extent the process begins as

a dissolved-gas drive. As production continues, the region affected

by the producing well continuously enlarges, and the reservoir pres-

sure is reduced in the oil zone at distances progressively further

removed from the producing well. Within a short time such pres-

sure reduction is transmitted to both the gas-oil contact and the

water-oil contact. As soon as the pressure reduction reaches the

gas-oil contact the free gas present in the upstructure portion of

the reservoir begins to expand and to invade the oil zone. Concur-

rently, the reduction in pressure at the water-oil interface allows

the reservoir. There will shortly be occurring, simultaneously, dis-

solved-gas drive in all or part of the reservoir, expansion of the gas

cap into part of the oil zone, and influx of water into the lower por-

tion of the reservoir. Thus, dissolved-gas drive, gas-cap drive, and

water drive will be taking place at the same time in different por-

tions of the same reservoir.

The amount of oil produced by each mechanism may be deter-

mined through volumetric balance calculations if the following infor-

mation is available

:

1. The total withdrawals from the reservoir of each fluid, oil,

expansion of the water and influx of water from the aquifer into

gas, and water.
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2. Physical measurements that will make possible the correc-

tion to reservoir volumes of the measured surface volumes of the

produced fluids.

3. The expansibility of the reservoir gas and the reservoir oil.

4. The original and subsequent reservoir pressures.

5. The original volumes of oil and of free gas contained in the

reservoir.

The computation of the amount of oil recovered from the reser-

voir through each mechanism is made as follows

:

1. The amount of reservoir oil ejected by the release of dis-

solved gas is equal to the original reservoir oil content multiplied

by the average total unit expansion of the oil-gas mixture as deter-

mined from the decline of the reservoir pressure from the original

saturation pressure.

2. The amount of reservoir oil ejected by expansion of the gas

cap is equal to the net volume of such expansion, which is equal to

the original volume of free gas multiplied by its unit expansion as

determined from the average reservoir pressure decline in the free

gas zone, less the reservoir volume of any free gas produced.

3. The amount of reservoir oil ejected by water influx is equal

to the total reservoir withdrawals of gas and oil less that quantity

already accounted for by dissolved gas and by gas-cap expansion.

Prediction

In the absence of any other information it is not possible from

determination of the mechanisms responsible for the past produc-

tion of a reservoir to determine which of the operative drives will

become dominant over the remainder of the life of the pool. The
question that must be answered in order to predict the future domi-

nant drive is the future degree of reservoir pressure decline. It is

obvious that if the reservoir pressure declines but slightly and there-

after stabilizes at a value not significantly lower than the original

pressure, expansion of the free gas cap will cease; similarly, the

release of dissolved gas from the reservoir oil will cease, and both

the dissolved-gas drive and the gas-cap drive will cease to function

in that reservoir. Such a stabilization of reservoir pressure can take

place only if a stage is reached at which the entire volume of reser-

voir withdrawals is currently replaced by an equivalent volume of

water influx. It becomes apparent that prediction of the reservoir

pressure requires that there be available a quantitative relationship
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between the decline of reservoir pressure and the volume or rate of

water influx that will be caused thereby.

Given adequate geological information on the reservoir and its

surrounding regions in terms of the thickness, continuity, and per-

meability of the producing formation throughout both its oil-bear-

ing and water-bearing portions, it is possible to approximate from
fundamental considerations the rate of water influx that will be

induced by a given differential between the reservoir pressure and

the initial pressure in the aquifer. However, such approximations

are by no means adequate for quantitative prediction of the behavior

of the reservoir. Quantitative predictions require calculations based

upon the observed operating characteristics of the reservoir in ques-

tion and can be no better than the basic information employed in

them. It is essential for such purpose that there be available precise

information on the original reservoir pressure, equally precise infor-

mation on the reservoir pressure at later dates, and exact informa-

tion on the amount of water influx that has taken place in the past

under the observed pressure differentials. It is possible to measure

the reservoir pressure with subsurface pressure gauges developed for

that purpose. However, it is not possible by direct observation to

determine either the rate of water influx or the total quantity of

water influx. These items can be determined only through use of

volumetric balance computations.

The cumulative influx of water into a reservoir at any time may
be calculated in the manner previously outlined. Computation of the

rate of water influx for a specific pressure differential requires com-

putations of the cumulative influx at various stages of depletion of

the reservoir. It is possible, then, from adequate production history

and from basic mathematical equations that describe the flow of

water under an expansion process, to determine from the actual

reservoir performance the necessary coefficients of the equation in

such manner as to permit prediction of the future relationship

between the decline of reservoir pressure and the rate of water influx.

The approach outlined requires information on the original oil

content of the reservoir and the original gas content of the reservoir.

Such information can be determined only from systematically plan-

ned observation during the development of the pool, including ade-

quate coring, logging, and testing. If adequate information regard-

ing the original oil and gas content of the reservoir is not available,

the volumetric balance calculations may still be employed through

a process of trial and error solutions to determine the amount of
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water influx. Such an approach usually requires a longer operating

history before reliable predictions are possible.

It is apparent that a certain amount of production history on a

reservoir is required before a quantitative prediction can be made.

This makes it impossible during the very early life of a pool to make
more than qualitative predictions as to the probable recovery proc-

esses. The more precise and reliable the available information, the

earlier such estimates may be made, and the more reliance may be

placed in them. With adequate data it is frequently possible after

some 5 to 10 per cent of the original oil content of a reservoir has

been produced to determine the quantitative relationships involved

with sufficient accuracy to permit proper control thereafter of the

efficiency of recovery.

CONTROL OF RESERVOIR PERFORMANCE

It would be an idle pastime indeed to determine the exact man-
ner and degree by which the oil in each particular reservoir is being

recovered if it were not possible for the operators to exert some
manner of control to modify the existing action of the reservoir in

such direction as to result in higher ultimate oil recovery. It is

obvious, of course, that there are a large number of factors over

which the operators can exert no possible control. Among these are

the original geology of the oil reservoir and its surroundings, includ-

ing the texture of the producing formation, the original reservoir

contents of oil, gas, and water, and the characteristics of those fluids.

On the other hand, it has been seen that there are available at least

three possible methods of recovering the oil, each different from

the others and some more efficient than the others. The question

whether the operators can control the performance of the reservoir

involves the question whether it is possible, first, to substitute a

more efficient drive for a less efficient one and, second, to control the

efficiency of the chosen drive to yield the maximum return. Reduced

to its simplest form, the question is basically whether it is possible

to substitute an efficient gas-cap drive or water drive for a dissolved-

gas drive in an oil reservoir.

The answer to the first part of the question is affirmative, for the

simple reason that it is frequently possible to inject produced gas

to create a gas cap, and, except under very unusual circumstances,

it is possible to inject water, if necessary, into the edges of a reser-

voir to bring about a water drive. The basic question, therefore, is

not so much whether the operators can bring about more efficient
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operation, but which operation should be chosen and how that opera-

tion can be made as efficient as possible. The earlier a choice is made
between whether to operate with an expanding gas cap or with a

water drive, the lower will be the total development and operating

costs and the greater will be the ultimate net return. The ultimate

recovery of oil may also be increased. Among the reasons are: the

arrangement, location, and manner of completion of the wells must
be different for efficient control of a gas-cap drive than for efficient

control of a water drive, and under either drive it is usually desirable

to conduct the operation at a high level of reservoir pressure to

avoid dominance of the depletion by dissolved-gas drive. This means

starting the operation as early in the life of a pool as possible, before

the reservoir pressure has declined seriously.

The ultimate efficiency will be dependent upon the degree to

which it is possible to make the advancing gas or water invade the

entire reservoir and upon the uniformity with which the advancing

gas or water performs its function in displacing or flushing the oil

content of the reservoir rock as the front advances. Two aspects of

this uniformity are important: first, the front must advance with

an over-all surface sufficiently regular to permit selective production

of oil and to avoid dissipation of the advancing fluid, and, second,

the advancing front must have displaced oil not merely from

selected portions of the reservoir rock but, insofar as possible, to

the same degree from all portions of the reservoir rock behind the

advancing gas or water. When consideration is given to the extreme

differences in the texture encountered within a single oil reservoir it is

obvious that the latter requirement is a very difficult one.

The basic requirements for proper control of an oil reservoir

may be summarized as follows

:

1. An efficient dominant mechanism for the recovery of oil

must be chosen. This mechanism may be natural, if reservoir con-

ditions are favorable; it may be supplemented by injection of gas

or water; or it may be created entirely through injection of gas

or water.

2. The dominant mechanism must consist in the progressive

advance of gas or water from one boundary or region of the reser-

voir progressively through the entire reservoir. Migration of oil

ahead of the advancing gas or water is an essential feature of the

process.

3. A sharp demarcation must at all times be preserved between
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that portion of the reservoir invaded by the displacing gas or water

and that portion not yet invaded.

4. The boundary between the invaded and uninvaded portions

of the reservoir must at all times be reasonably uniform.

5. The residual oil saturation throughout the invaded portion

of the reservoir must be reduced to a uniformly low value regardless

of variations of the texture of the producing formation. There must
be no trapping or by-passing of highly oil-saturated zones or sections

behind the advancing gas or water front.

6. Excessive dissipation of gas or water must be avoided.

7. Wells must be so located and so completed as to permit the

entire reservoir to be effectively flushed by the advancing gas or

water.

8. The reservoir pressure must be maintained throughout the

duration of the recovery process at a sufficiently high level to pre-

vent excessive release of gas from solution.

The Maximum Efficient Rate

The requirements for efficient recovery of the oil from a reser-

voir are not taken care of by chance; they may be fulfilled only

through careful and deliberate action by the producers. Experience

has shown that one of the most essential factors in meeting these

requirements is control of the rate of production. Excessive rates

of withdrawal lead to rapid decline of reservoir pressure, to release

of dissolved gas, to irregularity of the boundary between invaded

and non-invaded sections of the reservoir, to dissipation of gas and

water, to trapping and by-passing of oil, and, in extreme cases, to

complete loss of demarcation between the invaded and non-invaded

portions of the reservoir, with dominance of the entire recovery by

inefficient dissolved-gas drive. Each of these effects of excessive

withdrawal rates reduces the ultimate recovery of oil.

Operation of a reservoir at an infinitesimally low rate of oil pro-

duction would not in itself assure efficient recovery unless other

necessary conditions were met. However, if all other conditions are

fulfilled, the ultimate oil recovery from most pools is directly

dependent on the rate of production. The nature of this dependence

is such that for each reservoir there is for the chosen dominant

mechanism a maximum rate of production that will permit reason-

able fulfillment of the basic requirements for efficient recovery.

Rates lower than such maximum may permit still higher ultimate

oil recovery, but once the rate is sufficiently low to permit the basic
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requirements to be met, the incremental ultimate recovery obtainable

through further reduction of the rate of production may be insuf-

ficient to warrant the additional deferment of a return and the addi-

tional operating expenses that would result from a prolongation of the

operation. A rate of production so low as to yield no return would

obviously be uneconomic, of no advantage to the operators, and of

no ultimate benefit. However, increase of the rate of production

beyond the maximum commensurate with efficient recovery will

usually lead to rapidly increasing loss of ultimate recovery. From
these considerations there has developed the concept of the maximum
efficient rate of production, often referred to as the M.E.R. For

each particular reservoir it is the rate which if exceeded would lead

to avoidable underground waste through loss of ultimate oil recov-

ery.

The M.E.R. is not an invariant characteristic of a reservoir, but

is dependent on the recovery mechanism employed as well as on the

physical nature of the reservoir, its surroundings, and its contained

fluids. For the same reservoir it will be different for one recovery

mechanism than for another, and for the same mechanism the

M.E.R. may vary with the degree of depletion. The M.E.R. is deter-

minable through engineering study provided adequate geologic and

operating information on the reservoir is available.

M.E.R. Under Dissohed-Gas Drive

It will be recalled that when the dominant recovery mechanism

is dissolved-gas drive the only displacing agent is gas released from

solution, no other source of gas and no water being employed. The

process is inefficient because the dissolved gas is released everywhere

throughout the reservoir, is not segregated, and cannot be prevented

from escaping along with the oil through the producing wells.

It seems anomalous to consider the efficient rate at which to

carry out an inefficient process ; for this reason, much confusion has

arisen regarding application of the M.E.R. concept to reservoirs

producing by dissolved-gas drive. The application can perhaps be

understood if careful distinction is made on the basis of the reason

for dominance of the recovery in a particular reservoir by a process

of dissolved-gas drive and if proper attention is paid to other factors

that may influence the recovery efficiency.

Such distinction might be made by consideration of three classes

of dissolved-gas-drive reservoirs, as follows:

Class 1. Those reservoirs in which there is potentially available
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free gas or water that might, under different operating conditions,

be employed to change the dominant recovery mechanism.

Class 2. Those reservoirs in which no free gas or water is poten-

tially available but whose physical properties and fluid characteristics

are favorable for segregation of gas within the reservoir.

Class 3. Those reservoirs having no displacing fluid potentially

available other than dissolved gas and whose characteristics are so

unfavorable as to permit no reasonable modification of the efficiency

through control of the rate of production.

M.E.R. of Class 1 Dissolved^Gas-Drive Pools—Pools falling

in Class 1 are those that initially contain free gas in sufficient quan-

tity to provide a gas-cap drive, or into which sufficient influx of

water could take place to provide a water drive if the operating

conditions were properly modified. Class 1 pools most frequently

operate by a dissolved-gas drive as a direct result of one or more

of the following causes, all of which constitute improper reservoir

control

:

1. Dissipation of the free gas through production of gas-cap

wells or upstructure wells having high gas-oil ratios.

2. Dissipation of the water through excessive production of

water by edge wells.

3. Excessive rate of production of oil. The rate of production is

excessive and is the direct cause of dominance of the recovery by

dissolved-gas drive if it is such as to deplete the oil content sub-

stantially faster than the oil can be replaced by migration ahead of

an expanding gas cap or advancing water. Such excessive rate is

often brought about by too great a number of wells, the aggregate

production of which, if each is permitted to produce at sufficient

rate to assure profitable operation, is more than the proper amount

for the reservoir.

Many of the older fields now exhausted were produced by dis-

solved-gas drive as a direct result of the causes enumerated. Such

operation is now considered to be wasteful in that the inefficiency

can be avoided through proper control.

The M.E.R. of a Class 1 reservoir is not a rate below which the

dissolved-gas mechanism will itself become efficient, but a rate that

will permit a more efficient mechanism to replace it. The M.E.R. is

therefore the M.E.R. of the substituting mechanism. The factors

involved might be better understood through a specific example.
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Consider a reservoir with the following characteristics

:

Original recoverable oil content: 20 million barrels

Area : 2,000 acres

Number of wells : 200
Original reservoir pressure : 2,000 pounds per square inch

Original volume of free gas in gas cap : 10 million barrels

Reservoir volume factor: 1.30 barrel of reservoir oil to a

barrel of surface oil

It will be presumed that each well is producing at a rate of 50 bar-

rels a day. The total production is 10,000 barrels a day of oil and
4 million cubic feet a day of free gas through high-ratio wells. This

production is causing a reservoir pressure decline of 300 pounds per

square inch a year.

The following facts will be presumed to have been determined

by suitable engineering studies:

1. The natural availability of water influx into the reservoir

would be 4,000 barrels a day at a reservoir pressure of 1,600 pounds
per square inch.

2. To provide efficient flushing of the oil from the formation

by water the rate of advance of water through the oil zone should

not exceed 4,000 barrels a day.

3. To prevent excessive release of gas from solution in the res-

ervoir oil the reservoir pressure should not be permitted to decline

below 1,600 pounds per square inch.

Under the presumed circumstances the M.E.R. of this reservoir

under water-drive operation would not exceed 4,000 barrels a day

of reservoir oil. With correction for shrinkage of the oil in passing

from the reservoir to the surface, this M.E.R. would be 3,100 bar-

rels a day of stock-tank oil. Efficient operation under water drive

would impose other requirements: primarily, the immediate reduc-

tion or elimination of the production of free gas and the future

avoidance of dissipation of water.

It will be presumed, also, that efficient operation of this reservoir

by an expanding gas cap would be possible at a rate of 2,000 barrels

a day of oil as measured at the surface. The M.E.R. under that

operation would then be 2,000 barrels a day. Such operation would

also impose other requirements. Because of the natural influx of

water the mechanism would be dominated by water drive, and gas-

cap expansion would cease if the reservoir were produced at a rate

of 2,000 barrels a day. Operation under gas-cap drive would there-

fore require deliberate production through edge wells of all water
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entering the reservoir ; the closing in of gas wells and high-ratio

wells would be a basic requirement.

It will be presumed further that for this particular reservoir,

under the conditions outlined, the ultimate recoveries obtainable by

the three possible mechanisms would be as follows

:

Dissolved-gas drive : 6 million barrels

Gas-cap drive: 13 million barrels

Water drive: 17 million barrels

From the standpoint of purely physical considerations, the res-

ervoir picked for illustration has two M.E.R.'s, one if it is to be

operated by water drive, the other if it is to be operated by gas-cap

drive. Because of the obvious advantage of the water drive in this

instance, the water-drive M.E.R. might be considered as a. practical

matter to be the M.E.R.

Whether it is actually feasible to operate the reservoir by water

drive involves other considerations, both administrative and eco-

nomic. These considerations are dealt with in later chapters.

Confusion may arise, however, between technical determination

of the M.E.R. and the practical feasibility of operation under a

particular mechanism at a rate not exceeding the M.E.R. In the

particular reservoir chosen for illustration, if serious depletion has

not already occurred through dissolved-gas drive, if the ownership

of leases and state regulations are such as to make feasible the clos-

ing in of gas wells and high-ratio wells and the avoidance of dis-

sipation of water without unreasonable damage to the equities of

the various lease owners, and if the costs are such that operation

can be profitable at the required reduced rate of production, then

the M.E.R. has real and tangible meaning. If the reservoir is already

so far depleted by dissolved-gas drive that reestablishment of segre-

gation between the oil zone and the water-invaded zone is not

physically possible, or if the distribution of ownership and the regu-

lations are such that the other essentials for operation under a con-

trolled water drive cannot be provided, then it may seem meaningless

to determine a hypothetical efficient rate for a process that cannot

be employed. Even under the latter conditions, however, determina-

tion of the M.E.R. may be useful in pointing the way to improve-

ment. Cooperative action on the part of all the operators may often

make feasible a production process that cannot be carried on inde-

pendently by individual producers.
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M.E.R. of Class 2 Dissolved-Gas-Drive Pools—A dissolved-

gas-drive pool in Class 2 is one in which the physical structure

and texture of the reservoir rock and the viscosity of the oil are

such that there is no inherent condition within the reservoir that

would prevent the employment of gas or water in an efficient man-
ner as a displacing fluid, but which does not have free gas or wa-

ter naturally available and is producing by dissolved-gas drive

because the sole displacement agent naturally available is the dis-

solved gas.

Potentially, there are several ways in which such a reservoir might

be operated. One method would be to inject the produced gas into

the crest of the structure to create artificially an expanding gas cap.

If such an operation were adopted the M.E.R. would then be the

M.E.R. under conditions of gas-cap drive.

A second alternative would be to inject water through properly

located wells and to produce the reservoir by a water-flooding

process. If such an operation were adopted the M.E.R. would then

be the M.E.R. for the water-flooding mechanism employed.

A third alternative would be to use only the dissolved gas nat-

urally available within the reservoir, but to impose such operating-

conditions as to bring about substantial improvement in the recov-

ery efficiency. It is obvious that under this alternative there is only

one way in which the ultimate oil recovery might be increased. That

would be to retain within the reservoir the gas that has escaped

from solution, so that instead of being dissipated it would displace

additional oil.

In order to understand the manner in which such a modification

might be brought about, it is necessary to explore in detail into the

exact mechanism of the flow of gas within the reservoir. It will be

recalled from the basic equation of fluid mechanics presented in

Chapter V that the motion of an element of oil or gas within a

formation is brought about by two forces ; one force is the pressure

gradient, the other is the force of gravity. The direction of motion

of each fluid is governed by the local resultant of these two forces

acting on each fluid. If the flow is horizontal and is in a formation

having no vertical permeability the force of gravity has no com-

ponent in the direction of flow. If, on the other hand, the formation

is not horizontal, but lies in an inclined position, which is the usual

situation in an oil reservoir, then the force of gravity does have a

component in the direction of flow. If the rate of production of

each well in an inclined reservoir is reduced to a sufficiently low
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value so that throughout most of the area of the reservoir the move-

ment of oil is brought about by gravity rather than by the pressure

gradient, then within that portion of the reservoir free gas will

move up dip instead of toward the wells. If the released gas can be

segregated in the upper portion of the reservoir instead of escaping

through the wells it can then be retained to displace additional oil.

Such segregation of released gas would remove the basic cause of the

inefficiency of the dissolved-gas drive as a recovery mechanism, and

the resultant increase in ultimate oil recovery would be directly

attributable to reduction of the rate of oil production.

In this type of reservoir, then, the M.E.R. is the rate that will per-

mit the gas released from solution to be retained within the reservoir

by a process of selective segregation. Such segregation of gas would,

of course, be of no avail if wells were uniformly spaced throughout

the reservoir and were completed in such manner that the liberated

gas in its attempt to migrate upstructure would be intercepted by

producing wells and thereby be lost from the reservoir. The other

requirements for efficient operation are similar in all respects to those

for efficient operation under an expanding gas-cap drive. A basic

necessity would be the closing in of wells completed in a structurally

high position.

Secondary gas caps formed by the release and segregation of

dissolved gas have been observed in many instances, but selective

production through downstructure wells under a dissolved-gas drive

for the deliberate purpose of bringing about a gravity segregation

of the released gas has seldom been practiced except in the very late

stages of depletion of a pool after the reservoir pressure has declined

substantially to atmospheric and production has declined to a very

low level. When such a condition has been reached most of the wells

have usually been plugged and abandoned ; in many instances gravity

has then become the dominant reservoir force causing oil to migrate

to structurally low wells, which may thereafter continue to produce

substantial quantities of oil for a long time. Usually, such a process

takes place only after almost the entire supply of reservoir gas has

been dissipated, and the action of gravity is more one of rearrange-

ment of the existing gas and oil within the reservoir than in the

selective segregation of gas newly released from solution. Never-

theless, this action of gravity in pools depleted by a dissolved-gas

drive has been responsible for the production of important quanti-

ties of oil from some reservoirs. An outstanding example is the oil

production during the later stages from the Oklahoma City field.
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M.E.R. of Class 3 Dissolved-Gas-Drive Pools—A dissolved-

gas-drive reservoir in Class 3 is one in which the characteristics

of the reservoir and its fluids are so unfavorable that reduction

of the rate of oil production would have no appreciable effect on

the ultimate oil recovery. Conditions that might place a reservoir

in this category would be very low formation permeability, high

viscosity of the oil, extreme lenticularity or irregularity of the

producing formation, and horizontal formation bedding of such

character as to prevent vertical movement of fluids.

It has not been conclusively demonstrated that reduction in the

rate of production can bring about any improvement in the recov-

ery efficiency in a pool that has no free gas cap and no potential

water drive and that has physical conditions that prevent any segre-

gation of fluids by gravity. It is doubtful that a pool of this sort has

any natural M.E.R.
Since the only natural mechanism available in this type of pool

is unmodified dissolved-gas drive, the recovery efficiency will be

low as a direct and inevitable result of circumstances beyond the

operators' control. Secondary-recovery operations following deple-

tion by dissolved-gas drive have shown that in many reservoirs of

this type it is possible to produce additional oil profitably by injec-

tion of gas or water into the producing formation. There is no rea-

son to defer operations of that sort when they are applicable, and

certain physical advantages and economies may sometimes be ob-

tained through employment of artificial gas drive or water drive dur-

ing the early stages of production. However, the rate of production

of the pool under such circumstances is dependent in large measure

on the number and location of injection wells and the availability

of the injected gas or water, so that the proper rate is largely a

matter of economics. The M.E.R. of a pool operated in this manner

is not a unique characteristic of the reservoir, or even of the recovery

mechanism, but depends on the particular conditions under which

the recovery mechanism is employed.

M.E.R. Under Gas-Cap Drive

Dominance of the oil recovery by the mechanism of gas-cap drive

requires continuous maintenance throughout the recovery process

of distinct segregation between an enlarging gas-invaded zone con-

taining reduced oil saturation, and a shrinking oil zone containing

high oil saturation. Since comparatively little oil is usually produced
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after the invading free gas has completely penetrated the oil zone,

the ultimate oil recovery is very nearly proportional to the degree

of oil desaturation of the reservoir at the time the advancing gas

front has reached the lowermost wells.

The recovery efficiency by this mechanism is very sensitive to

the rate of oil production. Excessively high rate would cause rapid

encroachment of the free gas throughout the oil zone with a rela-

tively low displacement efficiency. Thereafter, it would be impossible

to maintain segregation of free gas, and the entire free gas content

of the reservoir would be dissipated, resulting in lowered reservoir

pressure and dominance of the recovery by a process of dissolved-

gas drive.

One of the chief reasons for this dependence of the ultimate oil

recovery on the rate of production is that gas is not an effective oil-

displacement agent. Another reason is that in the absence of any

restraining factors encroachment of free gas through the oil zone

would take place selectively through only the most permeable chan-

nels, leaving the oil undisplaced in most of the remainder of the

formation. At high rate of production the pressure gradients caused

by the flow of oil dominate the fluid movements in the reservoir,

and the ultimate oil recovery is fixed largely by the noncontrollable

items such as the formation texture and the original reservoir fluid

characteristics. Under such conditions gas-cap drive has little advan-

tage over dissolved-gas drive unless very large quantities of free gas

are available.

The only manner in which a high degree of desaturation of the

reservoir may be accomplished with a gas-cap drive is through domi-

nance of all fluid movements in the reservoir by the force of gravity

instead of by pressure gradients. In any reservoir the component

of gravity in the direction of flow is fixed by the inclination of the

formation and cannot be increased. The only manner in which this

fixed force may be made to dominate the flow is for the pressure

gradients to be suppressed to comparatively low magnitude. This

required suppression may be accomplished through reduction of the

rate of production of oil.

An efficient rate of production under gas-cap drive must be a

rate such that gravity will dominate the oil flow to a sufficient extent

to maintain continuously an advancing gas front behind which the

oil saturation throughout the formation will be reduced to a satis-

factorily low value, in regions of low permeability as well as in

regions of high permeability. This requirement amounts to conduct-
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ing the recovery at such a rate that oil migrates into the lower por-

tion of the reservoir and maintains the oil saturation therein by

gravity drainage instead of being compelled to migrate by expand-

ing gas forcing its way into the oil zone in response to a pressure

differential between high pressure in the gas cap and low pressure

in the oil zone. The actual pressure in all parts of the oil zone must

remain higher than the pressure in the gas cap, and the free gas

must be relegated to the passive role of merely expanding to fill space

vacated by the downwardly migrating oil. The chief function of the

gas is to maintain the pressure level at which the gravity drainage

proceeds; the higher the pressure the lower is the oil viscosity and

the more rapid the drainage.

At sufficiently low rate of production a process of this sort is

capable of yielding very high recovery efficiency. Determination of

the M.E.R. requires quantitative calculation of the relationship

between the rate of production and the amount of residual oil satu-

ration in all parts of the reservoir at various successive stages of

depletion. The distribution of the residual oil saturation at any stage

is a crucial item. Such a calculation must be based on adequate fac-

tual data on the texture and permeability of the reservoir rock and

on their variation throughout the producing formation. There must

also be taken into account the fact that as the oil saturation declines

in the upper portion of the reservoir the permeability to oil becomes

less and the drainage rate slower.

The M.E.R. under this type of operation is directly dependent on

the permeability of the formation, the permeability distribution, and

the fluidity of the oil. Since in most reservoirs the permeability ver-

tically or transverse to bedding is not effective except over short

distances, the flow is predominately parallel to the formation strata,

and the M.E.R. is also dependent on the angle of the dip of the

formation. High oil recoveries are usually attainable at a reasonable

production rate only when all of these conditions are favorable.

Since high fluidity or low viscosity of the oil is desirable, there is

an advantage to conducting the drainage at the highest possible

level of reservoir pressure. Maintenance of, pressure is often assisted

through return of all produced gas to the crest of the structure.

Efficient recovery by this mechanism requires, also, the progressive

closing in of the upstructure wells as they go to gas, and the selec-

tive production of oil from wells completed in the lowermost por-

tions of the reservoir.

160



M.E.R. Under Water Drive

Unlike the conditions under dissolved-gas drive and gas-cap

drive, wherein the primary reason for reducing the rate of produc-

tion is to allow gravity to become the dominant force in the reser-

voir, other factors become important when consideration is given

to the effects in a water-drive reservoir of variations in the rate of

production. The first condition required for a water drive is that

the net water influx into a reservoir be substantially equal volu-

metrically to the oil withdrawal. Water can move into a reservoir

only as the result of a pressure differential between the aquifer and

the oil zone; for any given reservoir configuration and formation

permeability the rate at which water can invade the reservoir at any

time is directly proportional to the pressure differential between the

aquifer and the reservoir. The faster the rate of oil production the

higher must be the pressure differential between the aquifer and the

reservoir for the water influx to keep pace with the oil withdrawal.

Unless the water influx does keep pace, other mechanisms come into

play in the displacement of the reservoir oil, and water drive may
cease to be the dominant mechanism.

Determination of the proper rate of production of a water-drive

pool requires, first, a determination of the proper level or range of

reservoir pressure to be maintained throughout the production his-

tory, and, second, calculation of the rate of influx of water at the

predetermined level of reservoir pressure. The proper reservoir pres-

sure is usually taken to be one that will not permit dissolved gas to

be released in sufficient quantity to build up within the oil zone a

free gas saturation large enough to allow flow of the liberated gas.

Because of the expansible nature of reservoir fluids and of the water

in the aquifer, adjustments of reservoir pressure do not take place

instantaneously with adjustments of withdrawal rates; as a prac-

tical matter, it is usually necessary to determine the level to which

the reservoir pressure will be allowed to decline eventually over the

life of the production process. Determination of the efficient rate

of production of a water-drive pool requires basically, therefore, a

quantitative relationship between the reservoir pressure and the rate

of water influx. As was pointed out previously, such a relationship

may be calculated through the use of the volumetric balance concept,

together with adequate information on reservoir pressures and oil,

water, and gas production.

As in the case of the gas-cap drive, it is also necessary to pro-

vide reasonably uniform encroachment of the water-oil interface
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and, to the maximum extent possible, uniform displacement or flush-

ing of the oil behind that interface in the regions invaded by water.

Control of the uniformity of the advancing water front, as in the

case of the advancing gas front, is dependent upon the balance

between the component of gravity in the direction of flow and the

pressure gradients induced by flow. Since the density contrast

between oil and water is less than the density contrast between oil

and gas, control of the uniformity of an advancing water front is

more difficult than control of the uniformity of an advancing gas

front and requires that the pressure gradients induced by the flow

be even less in the case of water drive than in the case of gas-cap

drive. Another requirement of the M.E.R. in a water-drive pool,

therefore, is that the rate of production be sufficiently low, consid-

ering the specific texture and permeability distribution of the reser-

voir rock, to allow gravity to regulate the level of the advancing

front. Partially offsetting this requirement is that water is a more
effective displacement agent than is gas and will more thoroughly

flush the oil content of a formation even when the advancing front is

permitted to become somewhat irregular.

Another very important effect is present in a reservoir operated

under a water-drive mechanism. Because of variations in permeabil-

ity of the reservoir rock there is a natural tendency for the flow of

both water and oil to take place primarily in the more permeable

channels and to take place reluctantly, if at all, in the less permeable

portions of the formation. Unless it is possible to make the water

invade and flush the oil from the less permeable portions of the rock

the oil therein will be left unrecovered after water has advanced

entirely through the reservoir and production has ceased. For-

tunately, most reservoir rocks are preferentially wetted by water in

the presence of oil ; the capillary forces set up by rock texture and

interfacial tension are such as to cause water selectively to enter the

finer interstices and regions of low permeability and to eject the oil

therefrom into the more permeable sections of the formation. These

capillary forces are very small and cannot cause rapid fluid move-

ments except over extremely short distances. If an entire sand sec-

tion is to be flushed uniformly by water the rate of advance of the

water must be slow enough to permit the water selectively to eject

the oil from the less permeable into the more permeable channels

where it may be flushed upstructure by the advancing water front.

Unless such action takes place concurrently with the advance of the

water front the oil will not be recovered from sections of relatively
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low permeability. Once the water front has invaded the entire res-

ervoir the water production will reach a very high level, and the

operation will eventually be abandoned because of economic limita-

tions. Any additional oil that thereafter might be ejected from the

smaller interstices into the more permeable channels would remain

entrapped by water and be unrecovered. It becomes very important,

therefore, in the efficient use of water drive to restrict the rate of

water advance to that at which the water can uniformly and to a

high degree displace the oil from all portions of the reservoir rock,

including those channels of low permeability.

Thus, control of the rate of production in a water-drive pool has

three aspects, as follows : first, control of the rate of oil withdrawal

to such a degree that the oil may be volumetrically replaced by water

at a desirable level of reservoir pressure ; second, control of the rate

of withdrawal to such degree that the force of gravity may keep

reasonably uniform the advancing water-oil interface; third, con-

trol of the rate of advance of the water to such degree that the water

may concurrently with the advance of the interface selectively eject

the oil from the less permeable channels into the more permeable

channels in order that the entire reservoir may be flushed uniformly

while the water-oil interface is advancing. Unless all of these condi-

tions are met, the most efficient production from a water-drive pool

is not realized.

The Function of Wells and Well Spacing

Wells have very important functions in the control of an oil res-

ervoir. Not only are they the conduits through which oil and gas are

produced, but they provide access to the reservoir for other pur-

poses. It is through the wells that much of the information essential

to proper reservoir control is obtained, and it is through the loca-

tion, manner of completion, and production of the wells that fluid

movements within a reservoir are controlled. Since the cost of drill-

ing and equipping the wells is usually the major part of the total

cost of developing an oil pool, the number of wells directly affects

the economics of the operation and often thereby affects the operat-

ing practices.

Prior to the advent of efficient oil-recovery practices and the

attendant recognition of the need for controlling an oil reservoir

as a unit, the attention of operators was focused entirely on the

well. Under unregulated competitive production it was found that

those leases that had wells drilled first, or that had the most wells,
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or that had wells of the highest capacity, produced more oil ulti-

mately than leases so developed as to have lesser productive capacity.

Efforts were directed to completion of wells in such fashion as to

have the highest possible potential when producing wide open, and

much attention was devoted to analysis of the rate of decline of

the production. Because oil and gas migrate freely in petroleum res-

servoirs in response to pressure gradients caused by production, those

areas that produced oil most rapidly drained oil and gas from less

intensively developed areas and thus obtained higher ultimate recov-

ery for each surface acre. It became well recognized that within a

common pool the ultimate recovery from different leases varied in

proportion to their respective well densities. Unfortunately, the rea-

sons underlying the observed facts were not as well understood as

the facts themselves, and many acquired the impression that the

number of wells drilled affects in some manner the efficiency with

which reservoir energy is used to produce oil. This supposition led

in turn to the entirely unsupported further conclusion that the oil

recovery from an entire reservoir is also directly dependent on the

well density. Such a conclusion was a far cry from the observed

fact that in a common reservoir properties drilled to different well

densities produce ultimately relatively more or less oil than each

other.

Much confusion still exists, not only in the minds of laymen,

but even in the technical literature, regarding the effects of well

density on ultimate oil recovery. Although the reasons for the con-

fusion are to a large extent historical, even so, some present con-

fusion and controversy arise from failure to analyze properly the

specific functions of wells in relation to the basic mechanics of res-

ervoir depletion under the various types of oil recovery processes.

The first use of the wells, and in the long run one of the most

important, is to obtain adequate geologic information. The mere

drilling of wells does not provide such information; it must be

obtained by coring, logging, and testing, and the number of wells

drilled is not a measure of the adequacy of the information obtained.

Nevertheless, it is obvious that a sufficient number must be drilled

and must be cored and logged to provide specific information in ade-

quate detail on the exact outline of the reservoir, its texture, the dis-

tribution of its texture and other characteristics, both laterally and

vertically, and the total amount of oil, gas, and water contained. The

specific number of wells required to provide such information cannot

be expressed by any general rule, as the requirements vary between
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extremely wide limits, depending upon the nature of the reservoir.

For any specific reservoir it is usually possible to determine an

acceptable minimum of information, and to drill, core, and log a

sufficient number of wells to provide that information. On a highly

faulted piercement salt dome, where the producing formations may
be broken both laterally and vertically into many disconnected seg-

ments, it may become necessary in some instances to have wells very

close together even to provide assurance that each reservoir be iden-

tified. Where production is obtained from blanket sands rather uni-

formly deposited over large areas and gently arched without evidence

of structural irregularities, conditions may be found where very low

well density is adequate to provide the necessary reservoir informa-

tion.

It is probable that in most reservoirs many more wells are drilled

than are needed to obtain adequate geologic information. The prob-

lem is to obtain the proper information from strategically located

wells.

From the standpoint of their direct bearing on the ultimate oil

recovery from a reservoir, it is necessary to consider separately the

effects of the wells under different recovery practices.

If a reservoir is to be produced dominantly by dissolved-gas

drive under conditions that permit no gravity segregation of the

released gas, the available information indicates that the number of

wells is important primarily in the resultant effect upon the possible

oil withdrawal rate, and in most of such reservoirs has very little

specific effect upon the ultimate recovery if the wells are produced

to a sufficiently low economic limit to provide material exhaustion

of the pressure throughout the oil reservoir. An adequate number of

wells to bring about such exhaustion of pressure at the time produc-

tion ceases is the basic requirement. The degree of pressure exhaus-

tion obtained may be measured directly in the producing wells ; for

the portions of the reservoir tributary to the wells it may be calcu-

lated from the permeability of the formation, the viscosity of the

oil, and the rate of production at the time the wells are abandoned.

Unless the formation permeability is extremely low or the oil vis-

cosity unusually high, the average reservoir pressure at abandon-

ment does not usually differ materially from that measured in a well

after it has been closed in for one to two days. It is important to

note that with this type of operation it is not necessary to speculate

regarding the proper well density. From tests on the wells and from

suitable geologic information it is possible to determine by straight-
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forward calculations by well known techniques the rate of produc-

tion, the final pressure distribution within the reservoir, and, from

the pressure distribution, the ultimate production to be expected with

any particular well density.

If a reservoir is to be produced by unmodified dissolved-gas

drive the location of the wells is relatively unimportant. However,

if advantage is to be taken of gravitational effects it is desirable that

the producing wells be located only in the lower portions of the reser-

voir and that wells not be produced in upstructure locations. The
usual development, whereby wells are drilled throughout the reser-

voir, is not conducive to efficient use of gravity to improve the oil

recovery through segregation and retention of gas within the res-

ervoir.

Since the mechanism with a gas-cap drive is one of continuous

displacement of oil from the upper to the lower portion of a reser-

voir, it is obvious that, regardless of the number of wells, most of

the oil must eventually travel into the downstructure position and

be produced selectively from that portion of the reservoir. Since

efficient operation requires the early abandonment or closing in of

wells at intermediate positions, the important consideration is that

properly completed wells be available to produce the oil from the

lowermost reaches of the reservoir. It is the geometry of the reser-

voir and the location of the wells with respect to such geometry that

is important, rather than the number of wells. If, in a reservoir pro-

duced by a gas-cap drive, there were 100 uniformly spaced wells, 90

of which had to be abandoned before the oil recovery process was
complete, the remaining 10 wells would be the only ones that could

exert any important influence upon the ultimate oil recovery. The
intermediate wells might be very useful for observation purposes,

but once they had been passed by the invading gas front they would

cease to function as producers, and the ultimate oil recovery would

be dependent on the degree to which the gas could be made to invade

the lowermost portions of the reservoir without being prematurely

dissipated.

Similarly, in a water-drive field, wherein the water must eventu-

ally encroach throughout the entire reservoir and reach the upper-

most sections, it is again the geometry of the reservoir and the spe-

cific location of wells in respect thereto that will ultimately govern

the efficiency. Intermediate wells might serve no function that is

ultimately important except in the role of observation wells.

A specific factor frequently overlooked in consideration of the
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reservoir geometry is that the bedding in most producing forma-

tions forces the fluids to travel in a direction primarily parallel to

the bedding planes rather than transverse. Vertical flow across bed-

ding planes is often restricted or totally impossible. When reference

is made to the reservoir geometry in terms of upstructure and down-

structure positions these terms relate specifically to upstructure and

downstructure positions within each stratum of the producing for-

mation within a reservoir. For example, if the reservoir trap is

formed by truncation and deposition of an impermeable barrier over

a bedded sandstone there might well be a multiplicity of upstructure

terminal positions for various portions and members of that sand-

stone. The geometrical requirements for adequate recovery by water

drive would not be met by a single row of wells or rim of wells in

the upstructure position. In most reservoirs the geometrical con-

figurations are such as to require at least a wide band of wells for

either upstructure or downstructure position, so located and so

spaced as to permit complete and selective displacement in each

stratum by the action of invading gas or water.

One other factor must also be taken into account in considera-

tion of the number of wells required to deplete a reservoir adequately.

For any particular reservoir, once the proper recovery mechanism

has been decided upon, it is possible to determine quantitatively a

proper maximum total rate of withdrawal of reservoir oil. If it is

desired to withdraw such maximum it is then necessary to have at

least a sufficient number of wells to provide that rate of withdrawal.

A sufficient number of wells means not only the number of wells

physically capable of producing that volume when wide open, but

capable of producing that volume of oil without locally causing exces-

sive disturbances of reservoir pressure that would cause local varia-

tion of the dominant recovery mechanism or would induce excessive

irregularities in the shape of the advancing gas or water front

through such factors as channeling, fingering, or coning. The
required number of wells depends in part on the texture of the pro-

ducing formation and the pressure differential required to bring

about the flow of oil into a well.

When an adequate number of wells have been provided to meet

the geometric structural considerations necessary for the thorough

flushing of the reservoir by water or by gas, and when a sufficient

number have been provided in such proper locations to permit a

maximum efficient rate of withdrawal from the reservoir without

the creation of unfavorable local conditions in the immediate neigh-
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borhood of the wells, the reservoir then contains an adequate total

number of producing wells. Once this adequate number have been

provided and are properly completed it is extremely doubtful that

additional producing wells serve any necessary purpose or have any
material effect on the ultimate oil recovery.

The indications are that in most oil reservoirs developed to date

the total number of wells drilled has substantially exceeded the

number actually required to obtain efficient ultimate recovery.

Well Completion

The methods necessary for proper completion of a well depend

on the character of the reservoir rock, the depth of the well, and

the distribution and properties of the reservoir fluids, as well as on
the geometry of the reservoir. As a mechanical unit, the bore hole

must be extended into or through the producing formation and must

be protected with casing, with facilities for control of the pressure

and of the flow and for the exclusion of water and gas. At times

the characteristics of the reservoir or the specific effects of the fluids

employed in drilling may be such that flow of reservoir fluids into

the well bore can take place only with difficulty, so that it may be

necessary to provide improved access through the employment of

acid or explosives or other techniques to open up the reservoir rock.

An important element in the completion of the well is that it be

properly cased and cemented in such manner as to exclude from the

producing interval oil, gas, or water from strata other than those

from which it is intended to produce. Since reservoir control is

dependent to a large extent on knowing accurately the water, oil,

and gas production from individual wells, ample precautions must

be taken to insure that the fluids produced from a well actually come
from the reservoir under consideration and not from other sources.

Since the function of the well is to drain the oil from a reservoir,

it is essential that it be physically able to do so. A reservoir with

average vertical permeability approximating that in a horizontal

direction could conceivably be drained through wells completed with

only a limited section of the formation open. However, if the wells

are completed with casing set entirely through the reservoir rock, with

the annular space between the pipe and the rock filled with cement,

and with the pipe and cement perforated to permit entry of oil, any

impermeable layers that may subdivide the formation should continue

to be effective, and, unless each separate portion of the producing

formation is eventually opened, little or no recovery may be obtained
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from some parts of the formation. The entire oil-yielding section in

reservoir rocks that contain numerous breaks must be opened even-

tually to wells properly located to drain each subdivision of the res-

ervoir.

Of particular importance in relation to efficient depletion of a

reservoir by gas-cap or water drive is that the wells be so completed

as to permit proper control of the manner of advance of the gas or

water. Since the complexities created through the variations of

porosity, permeability, and other factors within a single reservoir

are sufficient to tax severely the resourcefulness of the operator, it

is usually undesirable to complicate the problem further by adding

all the variables in a second reservoir to those in the first. As a

result, it is not considered good practice to produce separate reser-

voirs simultaneously through the same well if it is practical to

maintain their isolation. However, even though the desirability of

restricting the production of each Well to a single reservoir may be

recognized, such restriction may not be practical in some oil fields

where thin multiple reservoirs overlie each other in close proximity.

Even within a single reservoir, if it is composed of a multiplicity

of separate producing formation members interspersed with barriers

to vertical flow, it may be very difficult to control the movement of

gas or water simultaneously through more than one such member.

It may also be impossible by direct observation to determine the

degree to which gas or water has advanced within any particular

member if they are all open at once into the same well bore. Although

all members must eventually be produced in order to provide com-

plete flushing of the reservoir, it is desirable in producing with

either a gas-cap or water drive to produce selectively, insofar as is

possible or practical, from only one identifiable formation member
at a time.

As a practical matter, future control is usually more readily

provided, and the required work-overs of the wells are cheaper if,

in a water-drive pool, the production of the reservoir is conducted

in a progressive fashion by selective flushing of the lowermost mem-
bers first, followed by progressive flushing thereafter of the upper

members, until the entire reservoir has been flooded. By opening a

single well to a single formation member it is possible to identify

immediately the source of the water when water invades that well

and to close off the water when the water production has become
excessive at that particular spot. Such a well may then be recom-

puted in a higher member and the process repeated until the en-
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tire reservoir has been thoroughly flushed by water. Similarly, a

producing well in a field operated by a gas-cap drive may be drilled

through the producing formation but at first be completed selectively

in the uppermost oil-bearing member of the formation and, as that

member goes to gas, be successively recompleted in lower strata.

Through such a process of selective completion it is usually possible

to maintain throughout the producing life of a pool adequate con-

trol over the movement of either water or gas and to prevent their

premature dissipation.

Standards of Efficiency

It is helpful to the control of any operation to have certain stand-

ards as objectives and to have indicators or measuring devices that

inform the operator while the process is going on whether the con-

ditions are such as to assure reasonable attainment of the desired

result. Efficient oil recovery would be difficult enough even if it were

possible to observe directly at all times the conditions in the reser-

voir; it is made doubly difficult by the fact that direct inspection is

physically impossible. The conditions prevailing at any time within

the reservoir must be inferred or deduced from what is known of the

character of the reservoir and its originally contained fluids, and

from such limited measurements as may be made within a well bore

or on the fluids produced by a well. Since the available observa-

tional procedures are severely limited in number, those few that

may be employed must be exploited to the highest possible degree.

Recoverable Oil

It is not a simple matter even to provide a standard of efficiency

for the operation of an oil reservoir. It would seem offhand that

if a reservoir contained a known quantity of oil the percentage of

that oil ultimately recovered by the time of abandonment would be

the proper measure, with 100% recovery representing perfect effi-

ciency. Unfortunately, complete oil removal from a porous rock is

not physically possible by any conventional displacement process

now employed, and percentage recovery of the oil originally con-

tained is not a direct measure of displacement efficiency. The term

recoverable oil, representing the oil that may be physically displaced

from the rock, has often been employed to get around this difficulty.

This concept also leads to ambiguity.

The available facts indicate that when a porous rock containing
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oil is flushed with unlimited quantities of either gas or water the

permeability to oil declines toward zero at a final oil saturation

that is not zero. It is presumed that at some stage the remaining

oil is agglomerated by capillary forces into isolated droplets or dis-

connected filaments that no longer provide continuous paths for fur-

ther oil flow. The remaining oil is not recoverable by a displacement

process. However, the exact amount of unrecoverable oil is not an

invariant characteristic of the particular oil and the particular porous

rock but is dependent on the displacement fluid employed. It is not

possible, therefore, to compare directly the efficiency of gas drive,

water drive, or a combination in the same reservoir on the basis of

percentage recovery of the recoverable oil. Such a standard is quite

unsatisfactory for other reasons if comparisons are to be made
between different reservoirs. For example, in two reservoirs employ-

ing water drive, if the physically undisplaceable oil represents in

each case an oil saturation of 10% of the pore space, but one reser-

voir initially contains 10% connate water and the other 50% con-

nate water, an ultimate recovery in each such that the remaining

oil saturation is reduced to 20% of the pore space would represent

in one case 87J4% of the recoverable oil and in the other case only

75%. Percentage recovery of the total original oil content would

similarly be different, being 78% and 60% in the two cases, respec-

tively.

Residual Oil Saturation

A useful measure that avoids some of the objectionable features

of percentage comparisons is the residual oil saturation in the reser-

voir, expressed as a fraction or a percentage of the pore space. It

provides a reasonably direct index to the absolute efficiency, not only

at abandonment, but during the course of the recovery. If the aver-

age oil saturation of a reservoir at abandonment is low the recovery

may be judged to be efficient; furthermore, the residual oil satura-

tion in the invaded portion of the formation provides a measure at

any time of the efficiency with which a gas-cap drive or water drive

is effecting the oil displacement.

Efficiency Indexes

The procedures by which the efficiency of a recovery process may
be inferred or determined during the course of the operation involve

both qualitative deductions and quantitative determinations. The
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indexes are the reservoir pressure, the gas-oil ratio, and the water-

oil ratio. These indexes may be used as follows

:

1. Reservoir pressure.

Through volumetric balance calculations the average reservoir

pressure, along with other data, may be used to determine the recov-

ery mechanism in a manner outlined previously. Such a determina-

tion provides a measure of the recovery efficiency only to the extent

that one recovery mechanism may be presumed to be more efficient

than another. It does not, alone, provide a measure of the specific

efficiency of the recovery process.

The pressure difference between closed-in and flowing conditions

in each well, and the pressures in individual wells throughout the

reservoir provide direct measures of the pressure gradients involved

in the oil flow. Comparison of the pressure gradients with the com-

ponents of the force of gravity indicates the probable resultant effect

on the uniformity of an advancing gas-oil or water-oil interface and

whether or not the conditions are conducive to efficient use of the

prevailing recovery mechanism.

Irregularities of the reservoir pressure indicate regions of locally

unfavorable reservoir characteristics, such as areas of low perme-

ability that may not become flushed thoroughly by advancing gas

or water, or they may reflect excessive localization and concentra-

tion of withdrawals, which may lead to irregularity of advance of

gas or water and loss of recovery efficiency.

In general, continuous rapid decline of average reservoir pres-

sure, and excessive irregularity of reservoir pressure are directly

indicative of conditions that will lead to inefficient ultimate recovery

unless they are corrected.

2. Gas-oil ratio.

An average gas-oil ratio for an entire reservoir appreciably

exceeding the dissolved ratio is always indicative of inefficient opera-

tion, unless the produced gas is returned to the reservoir.

An average gas-oil ratio equal to or less than the original dis-

solved ratio may be indicative of proper operation, but does not,

alone, provide assurance of efficient flushing by gas-cap or water

drive.

Differences of gas-oil ratio among different wells may be indica-

tive of either efficient or inefficient operation, depending upon the

recovery mechanism. If the recovery process is dissolved-gas drive,

increase of gas-oil ratio of upstructure wells is a direct reflection of

gravitational segregation within the reservoir
;
provided the high-
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ratio wells are closed in to avoid dissipation of the segregating gas,

the segregation indicates modification of the dissolved-gas drive in

a direction leading to increased oil recovery. If the reservoir is

operated by gas-cap or water drive, erratic gas-oil ratios of individ-

ual wells may reflect local areas of low permeability or of excessively

concentrated production that will lead to reduced ultimate recovery.

High gas-oil ratio of wells ahead of the average position of the

gas-oil contact in a reservoir operated by gas-cap drive shows irreg-

ular advance of the gas-oil interface and serves as a direct warning

that the rate of production of oil is excessive, either locally or in

the reservoir as a whole.

The gas-oil ratios of wells already passed by the advancing gas-

oil interface in a reservoir operated by gas-cap drive provide a meas-

ure of the degree of oil desaturation in the upper portion of the res-

ervoir. Although wells behind the gas-oil interface should not be

produced unless the gas is returned to the reservoir, they may serve

a useful function as observation wells if they are maintained in a

producible condition for periodic gas-oil ratio measurements.

In a reservoir whose pressure is maintained substantially con-

stant by water drive, any production of gas in excess of the dissolved

ratio is directly indicative of shrinkage of the gas cap and of migra-

tion of oil into space previously occupied by gas. Gas-cap shrinkage

always leads to loss of ultimate oil recovery because of the impossi-

bility of recovering all of the oil from the invaded portion of the

formation. Gas-cap shrinkage may also take place in a reservoir

whose pressure is only partially maintained by water drive, but under

such a condition the amount of shrinkage can be determined only

by use of the volumetric balance.

3. Water production.

Premature production of water in wells ahead of the average

position of an advancing water-oil interface shows irregular advance

of the interface. Local irregularities may be caused by variations of

the permeability of the formation or by improper well completion,

or they may be aggravated thereby, but in any event they indicate

conditions that will lead to inefficient recovery. They serve as a

warning that the rate of production of the wells in question is exces-

sive in relation to the proximity of the water front and the forma-

tion texture, or that the rate of production of the reservoir as a whole

is excessive.

The water-oil ratios of wells already passed by the water front
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provide a measure of the amount of oil remaining unflushed behind

the advancing interface.

Quantitative Determination of Flushing Efficiency

Two methods may be employed to determine at any stage of the

recovery in a reservoir operated by either gas-cap or water drive the

degree of flushing efficiency being obtained. One method involves

use of the volumetric balance ; the other is to drill wells for the spe-

cific purpose of seeking such information. The latter approach

requires that the test wells be cored completely through the entire

productive formation in sections of the reservoir already flushed by

advancing gas or water to determine the residual oil saturation and

its distribution. It is quite difficult to obtain accurate results by the

latter method.

From adequate geologic information obtained during develop-

ment it is possible to determine the distribution of the formation

thickness and of the original oil content throughout the reservoir.

From measurements of the production of gas and water of individ-

ual wells it is possible at any stage of the recovery to determine the

position of the advancing gas or water front. By use of the volu-

metric balance the total amount of oil displaced by the advancing

gas or water may be calculated. By combining the information from

these three sources the amount of oil recovered and the amount of

oil left behind the advancing interface may be calculated. Direct

determination in this manner of the specific recovery efficiency at

any stage of the operation makes it possible to determine whether

or not the rate of advance of gas or water is sufficiently slow to

bring about satisfactorily complete flushing, and makes it possible

to control the operation continuously in such manner as to yield the

highest oil recovery practically attainable.
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Part Two .

.

. GAS RESERVOIRS

RECOVERY PROCESSES FOR GAS

The recovery of natural gas from an underground formation

is much less complicated than is the recovery of oil. Since gas, unlike

liquid crude oil or water, is a highly expansible fluid, it may be

recovered from a porous rock by the direct and simple procedure

of allowing it to escape by expansion into a well. If, for certain

reasons, maintenance of reservoir pressure is desirable, gas may be

displaced by natural or artificial water drive in the same manner as

oil is displaced. Pressure depletion and water drive are the only two

processes employed for the recovery of gas. However, a third

process, known as cycling, is often used to recover the heavier hydro-

carbons contained in the reservoir gas in the vapor state. Cycling

consists in displacement of wet gas from a formation by injection

of dry gas. It is most often used in gas-condensate reservoirs where

reduction of pressure would cause condensation and loss of heavier

hydrocarbons. After completion of a cycling operation, the gas

remaining in a reservoir may be recovered by either expansion or

water drive.

Recovery by Expansion -

The expansion characteristics of a gas are quantitatively

described by certain natural laws, according to which the volume of

a given weight of gas is inversely proportional to the absolute pres-

sure and directly proportional to the absolute temperature. These

two laws are usually grouped together as the perfect gas law. They

quantitatively describe the behavior of most gases at low pressure,

but may be erroneous by a factor of 10% to 40% at pressures and

temperatures commonly encountered in deeper gas reservoirs.

Accordingly, there has come into widespread use a correction factor,

commonly referred to as the deviation factor, which is introduced

to express by an exact equation the relationship between the volume

and the temperature and pressure of a unit quantity of gas.

The deviation factor may be experimentally determined for the

particular gas in question at the temperatures and pressures of inter-

est, or it may be calculated from the experimentally determined com-

position.

In a closed gas reservoir into which there is no influx of water

during depletion, Jhe amount of gas recoverable from a unit of pore
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space may be computed directly from the initial pressure and the

expected abandonment pressure. The abandonment pressure is gov-

erned primarily by economic factors and by the permeability of the

reservoir. The process of production consists merely in opening one

or more wells into the porous strata initially occupied by gas and
withdrawing gas from the wells. As under this process one well will

eventually deplete the gas in any continuously permeable stratum in

which it is completed, the number of wells drilled in a gas reservoir

is governed almost entirely by such factors as the rate at which gas

is to be withdrawn, the yield per acre, the conditions of subdivision

of ownership within the reservoir, and other economic factors.

The efficiency of the recovery of gas by the pressure-depletion

or expansion process is quite high. Neglecting the deviations from

the perfect gas law, the gas recovery to be expected from a reservoir

initially having a pressure of 1,000 pounds per square inch and

abandoned at an average reservoir pressure of 100 pounds per square

inch would be of the order of 90% of the original gas in place.

Ultimate recoveries of 90% or more of the gas are commonly
obtained by this process from reservoirs having reasonable forma-

tion permeability. Low recovery from a gas reservoir is obtained

only when the formation permeability is so low that it is not possible

to sustain economic rates of production except at high reservoir

pressure. In areas where the price of gas at the wellhead is high,

recovery is sometimes increased by employment of vacuum at the

wells to reduce the reservoir pressure to a low value.

Recovery by Water Drive

In any subterranean reservoir connected through continuously

permeable channels with an aquifer, water will invade the reservoir

to some extent as a result of any decline of reservoir pressure. The

rate of such water influx is dependent primarily upon the perme-

ability of the strata through which the water must flow. Thus,

whether or not a gas reservoir can be operated under natural water

drive is dependent more on the geologic conditions encountered than

on the choice of the operator. However, if geologic conditions are

favorable to water influx in large quantity with moderate reservoir

pressure reduction, it then lies within the control of the operator

whether or not to employ such water influx as the dominant recov-

ery agency. In order to save compression for delivery of gas to a

pipe line, or in order to maintain high rate of yield per well, the

176



operator may elect to maintain the reservoir pressure at a high level

throughout the depletion process. This may be done through restric-

tion of the rate of withdrawal of gas to that rate at which the gas

will be volumetrically replaced by water influx at the desired level

of reservoir pressure. If the pressure is thus maintained, gas is

flushed from the outer boundaries of the reservoir and is driven

toward the wells. Operation of a gas reservoir under this mechanism

is similar in all respects to operation of an oil reservoir by the same

mechanism. Proper location of the wells with respect to the struc-

tural geometry of the reservoir is important, as is, also, control of

the water advance in such manner as to provide uniformity and

completeness of flushing.

Since displacement by water is not required for efficient recov-

ery of gas from a reservoir, artificial water drive is rarely, if ever,

employed for gas recovery.

PROCESSES FOR RECOVERY OF CONDENSATE

Although the recovery of gas from a reservoir is very simple

and a high recovery efficiency is almost always possible, this sim-

plicity does not necessarily carry over to the recovery of condensate

from a gas-condensate reservoir. If the nature of the reservoir gas

is such that reduction of pressure will cause a large part of its con-

densate content to condense to liquid within the formation the

expansion process is not applicable to recovery of the condensed

liquid. In fact, the liquid saturation that results from such con-

densation is always so low that there exists no method whereby the

condensed liquid can be displaced from a reservoir in the liquid state

to give a high degree of liquid recovery efficiency. Usually, the res-

ervoir saturation of condensed liquid is so low that none of the liquid

at all can be displaced as liquid.

The physical impossibility of displacing as liquid the heavier

hydrocarbons that may condense within a reservoir leaves no

alternative for their recovery but to displace them from the reser-

voir in the gaseous or vapor state. In principle, there would appear

to be available two approaches to vapor-phase displacement for recov-

ery of condensate. One would be to displace the wet gas with its

vapor-phase condensate without allowing reduction of reservoir pres-

sure ; the other would be to revaporize the condensed liquid into gas

at very low reservoir pressure.

Unfortunately, the latter method is not applicable in most con-
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densate reservoirs. In those reservoirs in which reduction of pressure

can cause a serious amount of condensation, the condensate almost

always contains a high proportion of hydrocarbons so heavy that

their volatility at low pressure is too low for their recovery by
revaporization to be feasible. Their volatility is appreciable only at

high pressure. As a practical matter, therefore, that part of the con-

densate content of a gas that pressure reduction will cause to con-

dense within a reservoir can be recovered only by displacing the wet

gas from the reservoir at high pressure.

Proper exploitation of a condensate reservoir therefore requires

the following:

1. Determination of the amount and composition of the liquid

that will condense within the reservoir as a result of pressure reduc-

tion. These can be determined by the methods outlined in Chapter IV.

2. Determination of the most feasible recovery method in the

light of the factual information regarding the behavior of the reser-

voir gas, the physical characteristics and size of the reservoir, and

the applicable economic factors.

Three courses are open, as follows

:

1. To produce the reservoir by a simple expansion process,

recovering the condensate that leaves the reservoir in the vapor phase

with the produced gas and abandoning that which condenses within

the reservoir.

2. To recover the gas with its vapor-phase condensate with the

reservoir pressure maintained by water drive.

3. To cycle the reservoir for condensate recovery prior to with-

drawal of gas for other disposition.

Each of these processes has certain advantages and certain limi-

tations. Proper choice for a particular reservoir requires that there

be available adequate factual information on the characteristics of

the reservoir and its contained fluid.

Condensate Recovery by Expansion

The recovery of condensate by the simple process of withdraw-

ing gas from the reservoir and allowing the reservoir pressure to

decline is not necessarily inefficient; in fact, in many reservoirs it

may yield a higher ultimate recovery of condensate than any other

process. If the characteristics of the producing formation are such

that the reservoir pressure can be reduced to a reasonably low value

the ultimate recovery of gas from a deep reservoir is often in the

178



range of 85% to 95% of the original gas content. In many reser-

voirs the amount of condensation caused by pressure reduction will

not exceed 10% to 30% of the original condensate content of the

reservoir gas. The combined effect of the very high gas recovery

and moderate loss by condensation is such that in many reservoirs

an ultimate recovery of 60% to 85% of the original condensate con-

tent is obtainable by simple production of the gas and removal of the

condensate in suitable surface recovery equipment.

In very deep reservoirs with very high pressure and very rich

reservoir gas the condensation is usually more severe. In such reser-

voirs the amount of condensate recoverable by simply producing the

gas from the reservoir may be as low as 40% ; it is quite unusual,

however, for the condensate recovery by this process to be less than

50%. The process is often suitable in reservoirs having original pres-

sure less than 3,500 pounds per square inch and containing gas only

moderately rich in condensate. Pressure depletion cannot yield effi-

cient recovery of the heavier hydrocarbons from a reservoir contain-

ing a fluid of such composition that its critical temperature and

critical pressure are near the reservoir temperature and pressure.

Maintenance of Pressure by Water Drive

If the physical characteristics of a reservoir are such that through

control of the rate of withdrawal of gas the pressure can be main-

tained by water drive within a few hundred pounds a square inch of

the dew-point pressure of the reservoir gas, condensation within the

reservoir can usually be kept to less than 10% of the original con-

densate content of the gas. The degree of ultimate recovery of con-

densate by water drive depends primarily on the thoroughness with

which water can flush gas from the formation. The low density and

low viscosity of gas are conducive to a higher degree of flushing ef-

ficiency than is obtained with oil. Under favorable circumstances,

with a properly controlled operation, the residual gas content of a res-

ervoir may be reduced to as low as 15% to 20% saturation. In a res-

ervoir containing initially 20% connate water and 80% gas satura-

tion, flushing by water to an average residual gas saturation of 15%
at a reservoir pressure 10% below its original value would yield an
ultimate recovery of approximately 83% of the original reservoir

gas content. The ultimate condensate recovery would be approxi-

mately 75% if the reservoir gas were produced at 90% of its orig-

inal richness.

In order to obtain high ultimate recovery by this process it is
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necessary to invoke all of the controls required for efficient oil recov-

ery by water drive.

Cycling

In a cycling operation the wet gas in the reservoir is produced,

is stripped of its condensate in suitable surface equipment, and the

stripped dry gas is compressed and returned to the producing forma-

tion to maintain the pressure and to prevent condensation. The wet

gas in the formation is displaced toward the producing wells by the

injected dry gas. The ultimate condensate recovery obtainable de-

pends, as in all flushing processes, on the completeness with which

the entire reservoir can be flushed by the time the operation reaches

its economic limit.

Mechanics of Cycling

During the cycling process the injected dry gas does not mix to

any important extent with the wet reservoir gas but displaces it.

The process is somewhat similar to the displacement of oil by water,

except that complete displacement is effected in that part of the pore

space invaded by the dry gas. Since the wet gas and dry gas are

completely miscible and have very nearly the same physical proper-

ties, gravity and surface tension play no part in the recovery process,

and the degree of displacement is not influenced by the rate. The
displacement itself is a simple and straightforward flushing and

is essentially completed at the moving boundary between wet and

dry gas.

Because no gravity and surface tension effects are present, the

over-all efficiency of the displacement is dictated entirely by the

geometry of the system and the physical texture of the reservoir rock.

The displacing dry gas will invade the various accessible portions of

the formation at a rate proportional to their permeability. Although

flushing will be complete in any invaded section of the formation,

the formation will not be uniformly flushed, because the degree of

invasion will vary with the rock texture. The operator can exert no

control over the uniformity of the displacement. The only factors the

operator can control are the pattern of injection and producing wells

and the relative amounts of gas withdrawn from or injected into

each.

The condensate recovery obtainable by the cycling process is

very dependent on the degree of uniformity of the producing forma-

tion. If the formation is reasonably suitable for cycling it is usually
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possible to displace from 65% to 75% of the wet gas by the time the

produced gas becomes too lean to support continued operation. If the

producing formation is lenticular, or has great variation of perme-

ability vertically or laterally, cycling is usually not feasible at all and

would yield very low recovery, for the injected dry gas would flow

through the most permeable strata to the producing wells and, by

dilution, would decrease the condensate yield of the produced gas

to a low value long before the wet gas could be displaced from the

less permeable portions of the reservoir.

If, following a cycling operation, gas is withdrawn from a reser-

voir for market and the produced gas is stripped of its remaining

condensate content, the total ultimate recovery of condensate by both

cycling and gas withdrawal may be quite high.
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Chapter VII

SECONDARY RECOVERY

ARTIFICIAL STIMULATION OF RECOVERY

The technology of oil recovery has now become sufficiently well

advanced that it should be possible in the future to obtain relatively

high ultimate recoveries from most of the pools now known and

those yet to be discovered. The question naturally arises, however,

as to the possible recovery of additional oil from pools already

depleted or substantially depleted by less efficient methods prior to

the development and application of improved recovery practices.

Can such pools be reopened and be produced again with improved

techniques to obtain a second harvest of oil? Fortunately, the

answer is, at least to some extent, affirmative. As a matter of

fact, secondary-recovery operations were inaugurated in some pools

long before the present improved recovery procedures were known.

The experience gained and the information acquired through these

operations contributed materially to the development of efficient

methods applicable to newer pools.

Before the development of modern recovery techniques it was

the common practice to produce wells at capacity or wide open.

Under such uncontrolled operations not only was much oil left in the

reservoir, but it was usual for a pool to yield the major part of its

ultimate recovery during a relatively short period of "flush" pro-

duction. This period was usually followed by a prolonged interval

characterized by low rates of production from the individual wells.

This latter period has been referred to as the "stripper" stage. A
national survey indicated that approximately 311,000, or 69%, of

the nearly 450,000 producing oil wells in the United States on Jan.

1, 1950, were stripper wells. These wells produced an average of 3

barrels a day each during 1949.*

An eventual decline of the rate of production of each well is to

be expected in any reservoir. However, in an efficiently operated res-

ervoir most of the recoverable oil is displaced during the period of

flush production, and the stripper stage is usually of short duration.

In a reservoir operated without benefit of a properly controlled and

*Data from API Petroleum Facts and Figures, 9th edition, 1950, p. 144. Author-
ity : Interstate Oil Compact Commission.
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efficient recovery method the stripper stage begins while there still

remains in the reservoir a substantial quantity of recoverable oil.

Even after a prolonged period of stripper production much recover-

able oil may remain in the reservoir after the rate of production has

declined to so low a value that it will no longer support the opera-

tion and the wells are abandoned.

The most prevalent cause of inefficient ultimate recovery is pro-

duction by dissolved-gas drive. In many of the older pools the char-

acteristics of the reservoir were such that no other recovery mech-

anism was naturally available. In others, dissolved-gas drive was the

direct result of excessively high rates of production during the flush

stage.

In many pools operated under dissolved-gas drive it has been

possible to stimulate the production during the stripper stage, or

even to rejuvenate production after depletion, by injection of gas or

water into the reservoir through selected wells. The injected gas or

water displaces oil from the vicinity of the injection well and creates

a pressure gradient that causes the displaced oil to flow toward the

producing wells. Pronounced increases in the rate of oil production

have often been observed when the injection of gas or water was

begun during the stripper stage, and substantial increases in the ulti-

mate oil recovery have been obtained in a number of older pools.

There is, of course, no reason to delay injection of gas or water

into a reservoir if such injection is required to bring about efficient

recovery. In fact, as will be shown in Chapter VIII, substantial

advantages can often be gained by employment of such injection at

an early stage if the characteristics of the pool are suitable for gas

drive or water drive and if injection is required. This fact has given

rise to some confusion in terminology, because operations essen-

tially identical in character have been identified by different terms,

depending primarily on the stage in the life of a pool at which injec-

tion of gas or water is first employed.

Regardless of when it is started, the injection of gas or water

into an oil reservoir for the purpose of driving oil toward the pro-

ducing wells results in a gas drive or a water drive. When the injec-

tion has been started at an early stage, before the reservoir pres-

sure has declined greatly, it has usually been called "pressure mainte-

nance" or "artificial pressure maintenance," because the injection

retards the decline of reservoir pressure. When the injection has

been started after the reservoir pressure has declined to a low level

and a pool is in the stripper stage, or has been depleted, it has usually
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been called a secondary-recovery operation. Thus, a secondary-

recovery operation differs from artificial pressure maintenance only

in the time of application.

In the sense that injection of gas or water may bring about an

increase in the ultimate recovery of oil over and above that to be

expected otherwise, secondary recovery has been considered by some
to include the oil recovered by any operation in which one or more
wells are employed for injection of fluids into a reservoir, regardless

of the stage in the life of a pool such stimulation is employed. In

this volume the term is employed in its narrower historical sense to

refer more particularly to the recovery of oil left unrecovered by the

original or "primary" operation. A definition that may better fill

this more restricted use of the expression is as follows: Secondary

recovery is the recovery of oil by the injection of fluids into a reser-

voir for the purpose of displacing additional oil after the pressure in

the reservoir has declined to a small fraction of its original value.

SELECTION OF POOLS FOR SECONDARY RECOVERY

It is known that, in the aggregate, tremendous quantities of oil

still remain in the depleted pools in the United States. Since the

location of this oil is known, the risks normally associated with explo-

ration for new oil reserves are absent in secondary recovery. Never-

theless, the oil remaining in most of these pools is probably not recov-

erable by techniques now known and employed. Accordingly, sub-

stantial risks are also encountered in secondary-recovery operations,

and proper selection of a pool for secondary recovery is extremely

important.

Not all depleted pools are suitable for secondary-recovery opera-

tions by techniques now known. Improper primary production prac-

tices may have caused irreparable damage to the reservoir. Even
though a reservoir may be physically unharmed, the remaining oil

content may not be sufficient to support a profitable recovery opera-

tion. Furthermore, the oil left in a reservoir after the pressure has

declined to a low value may be both more difficult and more expen-

sive to recover than an equivalent amount of oil in a virgin reservoir

of comparable physical characteristics.

Among the items that may adversely affect secondary recovery

in comparison with primary recovery the following may be listed

:

1. The loss of dissolved gas may have caused, through shrink-

age of the reservoir oil, a decrease in the oil saturation in the forma-

tion. Lower saturation decreases the permeability to oil.
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2. The loss of dissolved gas may also have caused an increase

in the viscosity of the remaining oil. A higher viscosity makes the

displacement of the oil more difficult.

3. The amount of gas remaining in the reservoir may be insuf-

ficient to supply the needs for gas injection, and may even be inade-

quate for fuel for the secondary-recovery operations.

4. The mechanical condition of the wells may be poor, and high

costs may be incurred for reconditioning them. The wells may even

have been so damaged that they cannot be used for either produc-

tion or injection, and new wells may have to be drilled for second-

ary-recovery operations.

5. Improperly abandoned wells may have permitted water from

the surface or from water-bearing formations to enter the oil-bear-

ing formation in such manner as to trap or block the remaining oil.

6. Irregular encroachment of water from an improperly con-

trolled natural water drive may have left most of the remaining oil

trapped under such conditions that it cannot now be recovered.

7. Dissipation of a gas cap during the primary recovery opera-

tion may have allowed much of the reservoir oil to enter the for-

mations formerly filled with gas.

It is evident from all of these considerations that secondary

recovery will be feasible in only a limited number of old pools. There

are many situations in which it is reasonably obvious that secondary

recovery would not be practical. In any pool already depleted by an

efficient primary method the residual oil is largely unrecoverable by

conventional displacement methods. In any pool depleted by a nat-

ural water drive, whether the water influx has been properly con-

trolled or not, the residual oil will usually be either at so low a sat-

uration or so trapped and blocked by water as to be substantially

unrecoverable by a process that depends on injection of gas or water.

A pool in which there has been a substantial recovery of oil by grav-

ity drainage after depletion by dissolved-gas drive may have a low

residual oil saturation in spite of the prior operation under a dis-

solved-gas drive. In addition to those pools that must, for the most

part, be excluded from consideration because of the nature of the

primary recovery method, there must be excluded those pools that

have been damaged excessively through various causes.

There are also positive requirements for effective recovery of

oil by a gas-injection or a water-injection operation, whether the in-

jection be undertaken during the primary recovery stage or later.

There must be sufficient continuity and uniformity of the producing
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formations to permit effective displacement of the oil from all of the

formation. Great variations of formation permeability are not con-

ducive to effective displacement. Streaks of high permeability, frac-

tures, and fissures may cause difficulty by allowing the injected gas

or water to flow primarily through the more permeable channels

without flushing the oil from the remainder of the formation. There

must be an absence of extreme lenticularity in the producing forma-

tions. The viscosity of the residual oil must be low enough to permit

it to be displaced without the employment of excessive volumes of

gas or water. The permeability of the formation must be sufficient

to permit both injection and production at reasonable rates. Above
all, the amount of oil recoverable by injection of gas or water must
be sufficient to support the secondary-recovery operation.

When all of these many factors are taken into account it appears

that possibilities for the recovery of additional oil by secondary

operations following primary depletion are most attractive in pools

of shallow to moderate depth, that have been depleted by dissolved-

gas drive, that had no original gas cap, that had wells of reasonably

high initial productivity, and that contained a reasonably large orig-

inal quantity of oil per unit area in a single, continuous formation.

Preliminary selection of such pools may be made largely on the

basis of records of past production and existing drillers' logs. Final

selection, and inauguration of a secondary-recovery project should

be based on further factual information and thorough technical

study. Many attempts at secondary recovery have been unsuccessful

because of inadequate information and failure to make a thorough

analysis. In almost all cases it is necessary in older pools to obtain

through the drilling, coring, and logging of new wells the basic facts

concerning the physical characteristics of the reservoir and its resi-

dual oil saturation that are required to determine the feasibility of

secondary recovery and to plan the operation.

Secondary-recovery operations have, to date, been confined pri-

marily to sandstone reservoirs at shallow depth. They have been

employed extensively for many years in the older producing areas

of the East, particularly in the Bradford area of Pennsylvania and

New York, and more recently in certain producing formations in

Oklahoma, eastern Kansas, Illinois, and north-central Texas. In

most of the older shallow pools of these areas rather close spacing

of wells was employed for the primary recovery, and secondary-

recovery operations have been greatly influenced by the local condi-

tions and by the former production practices.
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In some cases, because of the poor mechanical condition of the

old wells, it has been necessary to drill all new wells for the secondary

operations. Often it has been necessary to re-work the old wells to

assure their being properly plugged so that they will not permit

escape of fluids from the producing formation into other zones. In

many cases it has been possible to recondition the old wells and to

use them for the secondary operation. In any event, there is a sub-

stantial development expense associated with secondary recovery,

for adequate geologic and engineering information must be obtained,

wells must be provided, a supply of water or gas for injection must

be secured, and facilities must be provided for carrying on the injec-

tion and production operations over the life of the project.

In secondary-recovery operations, even more than in primary

operations, the ultimate recovery obtainable is quite dependent on

the economics. Investments in wells and other facilities must be

carefully controlled in relation to the expected recovery to be

obtained. If efficient ultimate recovery is to be obtained the opera-

tions must be so designed as to permit their continuation until the

reservoir is substantially exhausted of its recoverable oil content

before the economic limit is reached. The thoroughness with which

a reservoir is depleted of its recoverable oil content depends, as in

primary recovery employing water drive or gas drive, on the com-

pleteness with which the entire reservoir is flushed with water or

gas, and on the final oil saturation in the flushed portion of the

reservoir. Whether water drive or gas drive be employed to bring

about the secondary recovery, it has been found in practice that rela-

tively large volumes of the displacing fluid must be produced along

with the oil to attain a high ultimate recovery.

WATER FLOODING

Secondary recovery by water flooding has been carried on most

intensively in the Bradford field, and many of the practices employed

in other areas have developed from the experiences at Bradford.

It is the usual practice to employ geometric well patterns with

producing wells and injection wells in alternating arrays. The pattern

most commonly employed is the "five-spot," which consists of injec-

tion wells at the corners of a square and a producing well at the

center. Repetition of the pattern provides parallel alternating rows

of staggered injection and producing wells. Figure 1 1 is a diagram

of the water-flooding process. In the shallow pools in which most
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secondary water-flooding operations have been carried on, the dis-

tance from injection wells to producing wells is often in the range

of 200 to 400 feet for
'

'five-spot" patterns. This spacing of wells is

much closer than that now normally employed in the development

of new pools for primary recovery.

The distance between wells in a secondary-recovery operation

is determined largely by economic factors. The maximum number
of wells such an operation can support is determined by the ultimate

recovery to be expected, by the price of the oil, and by the cost of

the wells. The cost of a well depends primarily on its depth. The
minimum number of wells suitable for a particular operation depends

to a large extent on the physical characteristics of the producing

formation and on the economic effects of a delay in obtaining a

return. The less permeable a formation, and the greater the distance

between injection and producing wells, the greater is the time

required to flush a pool with water.

The mechanism of displacement of oil by water is no different

in secondary-recovery operations than in primary water drive. The
same types of control must be exercised to assure efficient flushing of

the reservoir. The employment of injection wells localizes the area

of access of the water and imposes a geometric limitation that is

not encountered in a natural water drive. However, this handicap

is offset, in part, by the positive control over the rate at which water

is supplied to the producing formation, and by the fact that it is

possible to control to some degree the relative rates of injection into

strata or layers of different permeability.

In most secondary water-flooding operations the injected water

displaces oil from the vicinity of the injection wells before the effects

of the water injection are noticeable at the producing wells. The dis-

placed oil, in turn, displaces gas from the pore space and locally

increases the oil saturation. In this manner, there usually develops

ahead of the advancing water a zone of high oil saturation that

moves toward the producing wells. Until this "bank" of oil reaches

the producing wells the injection of water has substantially no effect

on the production. Thus, there is nearly always a delay in obtaining

any return from a secondary water-flooding operation. The duration

of the delay depends on the rate of water injection, the residual oil

saturation in the sand, and the distance between the injection and

producing wells.

When the zone of high oil saturation reaches the producing wells

the permeability of the formation to oil is locally increased, and
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Fig. 11—Water-Flood Process
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usually the pressure is also increased. If the producing wells are kept

on production during the period of development of the flood, the

arrival of the oil bank is usually indicated by a substantial increase

in the rate of production. When a secondary-recovery operation is

carried on with newly drilled production wells it is common practice

to delay their production until sufficient water has been injected to

develop a high oil saturation in their vicinity. In either event, a sub-

stantial amount of oil production relatively free of water is often

obtained.

Production of water usually begins when the most permeable

strata have been flushed. Thereafter, the rate of production of oil

declines and the rate of production of water continuously increases.

The operation ceases when the rate of production of oil has declined

to too low a level to support continued operation.

A zone of high oil saturation does not always develop ahead of

the advancing water, and in some operations production of water

takes place from the start. Whether or not an oil bank develops

depends largely on the relative-permeability characteristics of the

producing formation, on the saturations of water and oil at the

time the water injection is started, and on the viscosity of the oil.

If the conditions at the start of the flood are such that oil can move
more readily than water can move, water selectively accumulates

and the oil moves ahead to develop an oil bank. If the conditions

are such that water can move through the formation more readily

than oil, no bank develops. Which behavior to expect can usually

be determined from adequate data on the producing formation and

its fluid content prior to inauguration of a water-flooding operation.

Some attempted water-flooding operations have been failures because

a bank of oil did not develop and oil was never produced at suf-

ficient rate to justify the operation.

GAS INJECTION

The injection of gas into a reservoir for the purpose of increas-

ing the recovery of oil has been more widely practiced than the

injection of water. The resultant increases in ultimate recovery have

been far less spectacular than some of the increases obtained through

water injection, because gas is inherently a less efficient driving-

medium. However, injection of gas can sometimes be initiated at

a much lower development cost than water flooding, and some

increase in oil recovery is usually obtained even with the injection

of relatively small amounts of gas. The injection of gas into a res-
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ervoir can be started when a pool is relatively new, or at any stage

thereafter.

The term "repressuring" has often been used to describe the

operation wherein gas is injected into a producing formation.

Although local increases of reservoir pressure occur in the vicinity

of the injection wells, no over-all restoration of pressure to any sub-

stantial degree is usually involved, and, strictly speaking, the term

"repressuring" is a misnomer as applied to most gas-injection opera-

tions.

The lower efficiency of gas as compared with water as a displace-

ment agent in secondary-recovery operations is due to the same fun-

damental causes that make gas alone an inefficient agent in primary

recovery. These are the very low viscosity of gas and the fact that

it is a "non-wetting" fluid and is thus incapable of selectively enter-

ing and ejecting oil from the smaller voids in the rock. Because of

its low viscosity, injected gas very seldom produces ahead of the

drive the "bank" of oil that is characteristic of secondary water

drive. Gas is much more mobile than water and travels rapidly

throughout the reservoir. Thus, injected gas may affect not only

those wells adjacent to the injection wells, but other producing wells

also. Wells some distance away from the injection well are some-

times affected relatively soon after the start of injection.

The injection of gas in one area locally increases the reservoir

pressure and causes a migration of both gas and oil in a direction

away from the injection well. Under some circumstances the injec-

tion of gas by one operator may result in an increase in the ultimate

recovery by his neighbors, and little improvement, or possibly even

a loss, in his own recovery. Although there are a few pools in which

one operator controls all or most of the acreage and has conducted

highly successful gas-injection projects, the divided ownership that

exists in most pools usually makes it impractical for a single operator

to inject gas without cooperation from the others. In some pools,

simultaneous and cooperative injection of gas by a majority of the

operators is practiced. The most practical and most equitable arrange-

ment, however, is usually that in which there is unit operation of

the pool, with each operator paying his share of the cost and receiv-

ing his proportionate share of the increased recovery. Such an opera-

tion permits proper location of injection and producing wells with

reference to the configuration of the reservoir, without the artificial

restrictions imposed by lease boundaries, and provides means for

scientific control of the injection in such manner as to yield the
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maximum over-all increase in recovery. There are many examples

of successful gas-injection projects on a fully cooperative or unit-

operation basis. As the advantages of unit operation are becoming

better known more and more pools are being operated as units.

In the event injection of gas is inaugurated in a pool prior to

substantial exhaustion of the original gas content, the gas used for

injection is usually that produced with the oil in excess of lease

fuel requirements. However, in many pools secondary recovery is

not resorted to until the reservoir pressure has been dissipated and

the original supply of gas has been exhausted. Under such circum-

stances gas must be obtained from other sources. In such instances

some operators have used air instead of natural gas. Mechanically,

air is probably just as effective as natural gas. However, it has

serious disadvantages. The gas produced at the oil wells is diluted

with air, and serious accidents have resulted from the formation of

explosive air-gas mixtures. The air has a very severe corrosive effect

on the producing wells and may cause oxidation of the oil and dif-

ficulties due to emulsification of the oil with water.

The gas-injection wells are sometimes drilled especially for the

purpose, but are often converted producing wells. Geometrical pat-

terns of injection and production wells are used much less in gas-

drive than in water-flooding operations. However, there is some

evidence that geometrical patterns and intensive drives are also nec-

essary in some pools for attainment of efficient ultimate recovery

by gas drive.

The gas-oil ratios of the wells in a semi-depleted pool often pro-

vide an index to the results that might be anticipated from injection

of gas. Low ratios are usually indicative of a reasonably low satura-

tion of gas, from which it may be inferred that the injected gas

will displace a substantial quantity of oil before the reservoir gas

saturation rises sufficiently to lead to prohibitive production of gas.

On the other hand, high gas-oil ratios prior to the start of gas injec-

tion indicate that the reservoir has a high gas saturation, or a high

permeability to gas, and that the produced gas-oil ratio will rise

quickly after the start of gas injection.

In any event, it is characteristic of gas-drive operations that the

gas-oil ratio continuously rises as the oil saturation of the reservoir

is reduced. Unless the rate of gas injection is progressively increased,

the rate of production of oil declines. Such operations reach their

economic limit and are terminated when the gas-oil ratio rises to
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such a level that continued injection of gas in the required quantity

can no longer be sustained by the declining oil production.

If a pool contains a high oil saturation and a low water satura-

tion substantially higher ultimate recoveries of oil can usually be

obtained by water drive than by gas drive. However, some pools

contain, for one reason or another, relatively high water saturation.

When such a situation exists gas drive may be more effective than

water drive in obtaining additional recovery of oil.

LIMITATIONS OF SECONDARY RECOVERY

It is readily apparent that although secondary recovery may be

quite effective in obtaining additional oil from certain depleted

fields, a two-stage operation comprising an inefficient primary opera-

tion followed by a secondary operation must be considered a poor

substitute for a single recovery method that employs efficient pro-

cedures from the beginning. A two-stage operation is both more

costly and less efficient. Not only are many reservoirs so damaged

by an inefficient primary-recovery method that they are rendered

unsuitable for secondary recovery, but in many the available quan-

tity of recoverable oil is not sufficient to support two complete opera-

tions.

From the economic standpoint, both the total development expense

and the total operating expense can be kept at a minimum if the

recovery operation is so designed and so carried out as to attain a

high degree of recovery in a single operation. The savings effected

through not having to re-drill or re-work the wells can be used to

advantage to supply facilities for the additional injection of gas or

water where such is required. Substantial savings in the total operat-

ing expenses result from reduction of the total period of time dur-

ing which the operations are carried on.

Since the economic factors control to a large extent the final

amount of oil recovered, the economies made possible by a single,

efficient operation often contribute materially to the attainment of

more efficient ultimate recovery. Furthermore, the physical changes

that take place in a reservoir as a result of an inefficient primary-

recovery method often reduce the recoverability of the remaining

oil. When all of the factors are taken into account the aggregate

effects are such that efficient primary-recovery methods, including the

injection of gas or water as a part of the primary operation when
such injection is required, can be expected to yield substantially
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greater ultimate recoveries from the reserves now existing in unde-

pleted fields than could be anticipated if these fields were to be

depleted by inefficient methods followed by secondary-recovery opera-

tions.

OIL RESERVES RECOVERABLE BY SECONDARY
METHODS

It is practically impossible to estimate the total quantity of oil

in the United States that is economically recoverable by secondary

methods from fields already depleted, now in the stripper stages of

recovery, or now undergoing primary operations with inefficient

methods. The reasons are several. In the first place, no comprehen-

sive information is available with respect to the total amount of oil

still remaining in the depleted reservoirs, or which will remain after

exhaustion of those pools that are now producing. In the second

place, the amount of such oil that might be economically recoverable

by known secondary-recovery methods is highly uncertain because

of the small margin between the costs of recovery and the value of

the oil recovered. For any given recovery method, development pat-

tern, and price of oil, a minimum quantity of recoverable oil must

be anticipated before development can proceed. If the style of devel-

opment remains the same, the amount of oil potentially rec»verable

by secondary methods will vary with the price and with the depth

and thickness of the producing formation.

Undoubtedly, there still remains in the ground a tremendous

quantity of oil in depleted or near-depleted fields. From time to time

estimates of the possible total quantity of such oil have been made
by taking the cumulative discoveries of oil and applying a factor

presumed to represent the amount of oil left behind for each barrel

produced or expected to be produced by primary methods. Such esti-

mates lead to figures in the range of 50 to 100 billion barrels of

unrecovered oil. Of course, a large fraction of such oil is not physi-

cally recoverable by any process known today ; furthermore, much of

it is in fields unsuited to known secondary-recovery methods. The
great bulk of it could not be recovered by known methods at costs

even greatly in excess of present production costs. When considera-

tion is given to the feasibility of synthesizing hydrocarbon fuels and

lubricants from shale oil and coal at costs not too greatly exceeding

the costs from crude oil, it is apparent that such synthetic processes

will set a ceiling that crude oil prices can never exceed. This avail-

ability of auxiliary sources of supply for the products now manu-
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factured from crude oil will make it impractical to recover by known
secondary methods more than a small fraction of the known unrecov-

ered oil in depleted or near-depleted pools.

In spite of the severe limitations on the probable amount of oil

to be recovered by future secondary operations, the knowledge that

tremendous quantities of unrecovered oil remain underground in

known locations has served as a great stimulus to research directed

toward improvement of known recovery processes and toward the

discovery and development of new methods of recovery. Such

research has been carried on not only by the industry, but by state

agencies and the United States Bureau of Mines as well. The accel-

erated interest shown recently in such research is a healthy trend.

Out of it may come not only improved techniques of secondary

recovery but methods leading to improved primary recovery as well.

REFERENCE LITERATURE

The reader who is especially interested in secondary recovery

will find the details thoroughly covered in the literature. Secondary

Recovery of Oil in the United States (Second Edition, published

by the American Petroleum Institute in 1950, contains not only

technical papers covering nearly every phase of secondary-recovery

operations, but a supplementary bibliography that lists over two thou-

sand pertinent references.
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Chapter VIII

PRESSURE MAINTENANCE

Part One... OIL RESERVOIRS

It has been explained in preceding chapters that excessive decline

of reservoir pressure is almost always a direct indication of inef-

ficient oil recovery. Excessive decline in pressure often shows that

dissolved-gas drive, by far the least efficient recovery method, domi-

nates the reservoir. As a result, there has developed a tendency to

consider pressure maintenance somewhat nebulously as synonymous

with efficient recovery and, even more specifically, to indicate use

of water drive or gas drive, either natural or artificial, in lieu of

dissolved-gas drive, regardless of whether or not reservoir pressure

is actually maintained.

There are many considerations other than reservoir pressure that

influence recovery efficiency. Employment of a migratory displace-

ment process is a basic essential. In order to avoid confusion, there-

fore, a distinction must be drawn, if possible, between pressure

maintenance as an index of efficiency, and the degree to which

maintenance of reservoir pressure is a necessary condition for effi-

cient displacement by a suitable process.

For example, it has already been shown that gas drive and water

drive have certain advantages over dissolved-gas drive. Their advan-

tage is demonstrated by their employment in secondary-recovery

operations to obtain additional oil' from pools already depleted by

dissolved-gas drive. The success of secondary recovery also spe-

cifically shows gas drive and water drive to be effective at reduced

reservoir pressure. The degree to which still further advantage

might be gained by their use to effect the primary recovery, and

the specific degree to which their effectiveness might be increased by

maintenance of reservoir pressure during the displacement require

analysis.

Pertinent questions that arise immediately are

:

1. What is the maximum reduction of pressure that can be

allowed to prevail in a particular reservoir without damage to the

ultimate recovery?

2. Can the pressure be maintained adequately by the natural
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response of the reservoir to proper controls, including, particularly,

control of the production rate?

3. Is injection of gas or water or both required to remedy
deficiencies ?

In order to answer these questions it will be helpful to recognize

that individual reservoirs differ widely from one another in their

characteristics. Some reservoirs are capable of maintaining their

own pressure to a high degree under controlled operating conditions

;

others, for any one of many reasons, cannot do so.

A reservoir may maintain its own pressure if its physical environ-

ment is such as to permit the influx of sufficient water through the

producing formation at small or moderate pressure gradient, or if

it initially contains a quantity of free gas adequate to fill the oil zone

at moderately reduced pressure. The necessary conditions are found

in many oil pools throughout the world in both sands and carbonate

rocks. Examples are many of the Miocene sand pools of Louisiana,

and Frio sand pools of Texas.

Reservoirs not capable of maintaining their own pressures are

those deficient in free gas and whose physical characteristics or sur-

roundings are such that influx of water at moderate pressure gradi-

ent is inadequate to replace the produced oil at a reasonable rate.

Examples of this type are found among some of the oil accumula-

tions in the Permian formations of West Texas, and in lenticular

sand pools in many areas. The pressure in a reservoir of this type

can be maintained only by injection of gas or water.

The specific effects of pressure maintenance, as well as the pro-

cedures required to obtain pressure maintenance, differ not only

from pool to pool but are not the same for water drive and gas

drive. Separate consideration of each recovery process is therefore

required.

WATER-DRIVE RESERVOIRS

Maintenance of Pressure by Natural Water Drive

Necessary Conditions

Maintenance of reservoir pressure by natural water drive can

be obtained through regulation of the production rate if the physical

nature of the reservoir and its surroundings are such that water can

feed into the oil-bearing portion of the formation at a small or mod-
erate pressure differential in sufficient volume to displace the oil at

a reasonable rate.
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As was shown in Chapter III, oil accumulations are found in

various types of porous rocks, including, particularly, sandstones,

limestones, and dolomites. The type of formation in which the oil

occurs is pertinent primarily insofar as it may affect the chances of

having continuous porosity and permeability over a large area out-

side the oil accumulation. The thickness and lateral extent of the

formation, the magnitude of its porosity and permeability, and the

size and shape of the oil reservoir all have a direct bearing on the

degree to which pressure can be maintained by natural water drive.

Those reservoirs in which the producing formation extends laterally

with appreciable thickness and moderate to high permeability are

capable of receiving large quantities of water with small pressure

differential. Reservoirs in which the formation becomes discon-

tinuous because of disappearance of porosity or from faulting, or

that have too low permeability and thickness are usually incapable

of having; natural water drive.i^

Mechanism of Pressure Maintenance

It is apparent from elementary considerations that a reservoir

cannot be maintained at its original pressure by natural water drive,

because pressure is consumed by friction when water flows through

a formation. In some cavernous formations the decline in pressure

has been so small as to be almost undetectable, but in the usual

water-drive pool a pressure decline of from one hundred to several

hundred pounds a square inch is experienced.

The specific degree of pressure maintenance, or, conversely, the

reservoir pressure decline that prevails in a water-drive pool, is a

function of the rate of net volumetric withdrawals from the reser-

voir. This fact is readily apparent from analysis of the process tak-

ing place when water enters a reservoir. It has been shown in prior

chapters that when fluids are withdrawn from a reservoir the pres-

sure must decline so that the fluids remaining in the reservoir can

expand and fill the vacated pore space. The reduction of reservoir

pressure creates a difference in pressure between the oil zone and the

water-filled portion of the formation, which was originally at the

same pressure as the oil reservoir. This pressure difference causes

water to flow into the oil zone; the rate of influx of water will of

necessity be such that the entire pressure difference will be consumed

as friction in the water-bearing part of the formation. As will be

shown later, the water that enters a reservoir must flow from pro-

gressively greater distances, and the friction consumed in the water-
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bearing portion of the formation is dependent not only on the rate

of movement of the water but also on the physical charcteristics

of the formation and the distance through which the water must

move. For these reasons, a direct and constant proportionality

does not suffice to relate the rate of water influx to the pressure

decline of the oil zone. Nevertheless, it will facilitate understanding

of the mechanism of maintenance of pressure by water drive to

defer consideration of the complicating factors and to analyze the

process of stabilization of pressure as if the rate of influx of water

were directly proportional to the difference between the original pres-

sure in the water zone and the prevailing pressure in the oil zone.

This approach is not hypothetical or unrealistic but represents a rea-

sonable approximation of the actual situation in many pools, particu-

larly those in formations of high permeability. The effect of the

other factors is to cause the rate of water influx for a fixed pres-

sure difference to decline gradually as production continues.

The invading water cannot maintain the pressure in the oil zone

until it can enter the reservoir at a sufficient rate to fill continuously

the space being voided by the production of oil and can thus stop

replacement of the oil by expansion of those fluids already present

in the reservoir. The reservoir pressure continues to decline as a

result of oil production until the resulting differential brings water

in fast enough to provide the required replacement. The reservoir

pressure can then stabilize.

These facts may be visualized readily through a simple numerical

example. Let us consider a small reservoir in a formation of such

characteristics that a pressure differential of 100 pounds per square

inch between the oil zone and the water zone will cause water to

flow into the oil zone at a rate of 100 barrels a day. If the pool is

produced at a rate of 500 barrels a day of reservoir oil the pressure

within the oil zone will begin to decline and water will begin to

enter the reservoir. The pressure differential will at first be small,

and the resulting water influx will be very small, so that most of

the produced oil will be replaced within the reservoir by expansion

of the reservoir fluids and not by the invading water. As the reser-

voir pressure continues to decline, the increasing pressure differential

will cause water to enter the oil zone at a greater and greater rate.

When the differential has reached 100 pounds per square inch the

invading water will be replacing one-fifth of the oil being produced.

This process will continue until the pressure differential gets to be

500 pounds per square inch, at which time the rate of influx of
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water will have become 500 barrels a day, which is sufficient to

replace all of the oil being withdrawn, without further expansion

of reservoir fluids. Thus, the reservoir pressure must decline con-

tinuously until the pressure differential grows large enough to bring

about a balance between the rate of influx of water and the rate of

reservoir withdrawals.

If, in the example under consideration, the rate of production

of oil had been 1,000 barrels of reservoir oil a day, a balance would

not have been reached until the reservoir pressure had declined 1,000

pounds per square inch. Conversely, if the rate had been only 250

barrels a day the reservoir pressure would have become stabilized

at a value only 250 pounds per square inch lower than the original.

It is readily apparent that if the reservoir under consideration

were 2,200 feet deep and had an original pressure of 1,000 pounds

per square inch, stabilization of reservoir pressure could never take

place if the rate of withdrawal continuously exceeded 1,000 barrels

a day, for the water influx could never become sufficient to replace

the withdrawals. Operation at such a high production rate might

lead to the condition known as delayed water drive. Water influx

would not have any significant effect during most of the life of the

pool, and the oil recovery would be dominated by other processes.

Eventually, the reservoir pressure would become so low that the

wells could not continue to produce at a high rate, and many might

be abandoned. Since the rate of influx of water is fixed not by the

rate of withdrawal of oil but by the pressure differential caused by

the oil production, water would continue to enter the reservoir at a

rate increasing toward 1,000 barrels a day. When the oil withdrawal

rate finally declined to a low value this water influx might become

noticeable. If the water were not produced, the invading water might

eventually flush the entire reservoir at low pressure.

The facts outlined may be summarized as follows:

1. The rate of influx of water into a reservoir is proportional

to the difference between the original reservoir pressure and that

prevailing at any time, or to the total decline of reservoir pressure

from the beginning of production.

2. The reservoir pressure in a water-drive pool declines con-

tinuously until a balance is reached between the rate of influx of

water and the rate of net volumetric withdrawals from the reser-

voir.

3. Until such time as a balance is reached between the rate of
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influx of water and the rate of withdrawal the invading water acts

to decrease the rate of decline of reservoir pressure to the extent that

the water occupies a part of the reservoir volume, but it does not

sustain or maintain the reservoir pressure.

4. The reservoir pressure stabilizes when the pressure decline

becomes large enough to bring about a balance between the rate

of influx of water and the rate of withdrawal of fluids from the

reservoir.

5. The level at which the reservoir pressure becomes stabilized

is dependent on the physical characteristics of the formation, but

for any reservoir it may be fixed at will by regulation of the with-

drawal rate.

6. When the reservoir pressure is stabilized and is maintained

by water drive all reservoir withdrawals are replaced by an equiva-

lent volume of invading water, and no oil is recovered by any mech-

anism other than displacement by water.

7. Stabilization of pressure can never take place if the rate of

withdrawal from the reservoir continuously exceeds the rate at

which water can enter.

Quantitative Determination of Degree of Pressure Maintenance

The basic question of the degree to which the reservoir pressure

can be maintained by natural water drive in any specific case resolves

itself into a quantitative determination of the rate at which water

will enter the pool in response to a pressure decline. Correspondingly,

an answer to the question of the rate at which the reservoir pressure

will decline requires a quantitative determination of the effects on

pressure within the reservoir caused by withdrawals and by water

influx.

As was explained in Chapter VI, the response of the pressure

within the reservoir to the total net volumetric withdrawals can be

calculated by the volumetric balance method. From records of reser-

voir pressure and of withdrawals of oil, gas, and water during the

past production, the volumetric balance may be used to calculate the

cumulative volumes of water that have entered a reservoir over

successive time intervals. Such calculations provide directly from

the actual past performance of the reservoir an observed relation

between the prevailing reservoir pressure, the water influx, and the

elapsed time. By similar calculations the reservoir pressure at any

time in the future may be predicted for any assumed total with-
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drawal of reservoir fluids, provided the total volume of water that

will have invaded the reservoir within any future time be known.

Volumetric balance calculations based on the past performance

of a reservoir invariably show that the rate of influx of water for

a unit of pressure differential is not constant but decreases con-

tinuously with elapsed time. This complicates the forecasting of the

rate at which the reservoir pressure will decline and the time and

pressure level at which stabilization of the pressure will occur. It

also indicates that the reservoir pressure will never remain stabilized

at a constant value at a constant rate of withdrawal of reservoir

fluids but will continue to decline unless the withdrawal rate is con-

tinuously decreased after stabilization is attained.

Calculation of Rate of Water Influx—In order that quantitative

forecasts of reservoir pressure might be made, the mechanism of

the flow of water into a reservoir has been analyzed mathemati-

cally, and quantitative relationships have been derived between the

various interrelated factors. Figures 12 and 13 show results of

such calculations for the influx of water into a circular reservoir

through a formation of constant thickness. Figure 12 is a plot of

the reservoir pressure decline required to bring about a constant

rate of influx of water, and Figure 13 is a plot of the cumulative

water influx resulting from a constant reservoir pressure decline.

The complexities of the mathematics are so great that equations

relating the rate of influx of water to the pressure differential and

to the elapsed time have been derived only for certain simplified

situations where the thickness, the porosity, and the permeability

of the water-bearing formation are assumed to be uniform. In spite

of these limitations, when the equations are fitted to the actual water

influx calculated from field records by the volumetric balance they

often yield remarkably accurate results and may be used to predict

for a number of years into the future the relation between water

influx and reservoir pressure. Such calculations are often completely

satisfactory for the planning and control of operations.

An alternative method employed to determine and forecast the

water influx into a reservoir is the use of electrical devices that in

effect solve both the volumetric balance and the water-influx equa-

tions. These electric reservoir analyzers have two advantages over

the usual calculation procedures. The less important advantage is

their ability to perform an analysis quickly; the more important is

that it is possible to take into account with these analyzers some of

the known physical irregularities of the formation and thus to obtain
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more accurate forecasts than are usually possible by the purely

mathematical approach.

Mechanism of Water Flow

These mathematical developments are particularly helpful in pro-

viding a direct insight into the mechanism of the movement of water

and the individual physical factors that affect it. They show spe-

cifically the reason for the observed decrease in the rate of influx

of water for a unit of pressure differential. The reason for this

decrease is that as production continues and water flows into a reser-

voir, the water immediately adjacent to the oil zone is replaced by

water a little further removed, which in turn is replaced by water

from still further away. As time goes on, water must flow from a

progressively greater distance and encounters progressively greater

frictional resistance; as a result, the flow either slows down or a

greater pressure differential is required to sustain the rate.

The void space in the water-bearing portion of the formation

does not become emptied of water but remains filled with water

under pressure ; therefore, the water that invades the reservoir must

come entirely from expansion of the water in the surrounding for-

mation. Thus, reduction of the pressure in the surrounding forma-

tion is required to yield the water. This reduction in pressure starts

at the edge of the reservoir and, as time goes on, must spread out

laterally to greater and greater distances to make available the

required volume of water.

The rate at which water can flow in response to a unit pressure

differential at any position in the formation is directly proportional

to the formation permeability. The amount of water that a unit

volume of formation can yield for a given pressure reduction is pro-

portional to the amount of water it contains and to the compressibil-

ity of its contained water. Thus, the initial rate at which water can

flow into a reservoir in response to a unit pressure differential is

fixed by the size of the reservoir and the thickness and permeability

of the formation. The rate, however, at which the reduction of pres-

sure can be propagated through the formation is dependent not only

on the permeability but also on the volume of contained water and

on its compressibility. The ultimate amount of water that a par-

ticular formation is capable of yielding is dependent on how much
water it can yield by expansion when the entire aquifer has its pres-

sure reduced.
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Need for a Large Aquifer

The compressibility of water is very slight, only about three

parts in a million for a pressure reduction of one pound per square

inch. If natural water drive is to be used to replace at a moderate

reduction of reservoir pressure all of the oil produced from a res-

ervoir, a tremendous volume of tributary water must be available.

For example, if 100 million barrels of water is required over the

life of a pool to replace the produced oil at a reservoir pressure

reduction not to exceed 500 pounds per square inch, the amount of

water that would have to expand would be over 60 billion barrels.

This amount of water would fill all of the pore space in a formation

50 feet thick having 20% porosity over an area of 775,000 acres or

1,200 square miles.

It is apparent from these considerations that a large contribu-

tory aquifer with sufficient permeability to allow pressure reduction

to take place over a great area is an essential for pressure mainte-

nance by natural water drive.

It has been found from analysis of the pressure behavior of

water-drive pools as well as the behavior of artesian aquifers supply-

ing water wells that the amount of water apparently yielded by a

formation for a unit of pressure decline is frequently greater by a

factor of two to ten times than would be anticipated from the known
compressibility of pure water. The source of this excess yield has

not been identified ; it may reflect vertical movement of water from
other formations into the permeable formation carrying the water,

or compaction of the formation, or it may reflect inability of the

mathematical calculations to take into account certain physical varia-

tions of the formation. In any event, the uncertainties regarding the

specific water yield of a formation are sufficiently great that quanti-

tative forecasting requires a tie-in with the observed history of res-

ervoir withdrawals and pressure through volumetric balance calcu-

lations.

It is evident from analysis of the mechanism of the influx of

water into a reservoir that the rate of water influx for a unit of pres-

sure gradient is governed by the characteristics of the formation out-

side of and even remote from the reservoir rather than by the forma-

tion characteristics within the reservoir. For example, high formation

permeability within a reservoir might facilitate equalization of pres-

sure and uniformity of flushing if water were available, but high

permeability inside a reservoir cannot deliver water to the reservoir.

Determination of the regional geologic conditions, including the

205



thickness, porosity, and permeability of formations at some distance

away from oil reservoirs, is important in dealing with natural water

drive. Dry exploratory wells drilled in most producing areas usually

provide sufficient access to the water-bearing formations of interest

to permit determination of the thickness and, to some extent, the

degree of physical continuity, but seldom are determinations of

porosity and permeability made on complete cores from a forma-

tion known to contain no oil or gas.

Pressure Interference Between Pools

The rate of propagation of the pressure decline outward from
the edge of a reservoir through the water-bearing formation is such

that the pressure may be significantly reduced many miles away from
an oil reservoir. Thus, if there are two or more water-drive pools

producing from the same formation in the same general area they

all draw their water from the same source, and each adversely

affects the availability of water to the others. This effect is notice-

able as a pressure interference between pools.

A very pronounced example of pressure interference is found in

the Woodbine formation in eastern Texas. There, a dozen or more
pools, including several of major size, draw on the Woodbine for-

mation for water drive. The pressure in the water-bearing portion

of the formation has been significantly reduced over an area of sev-

eral thousand square miles. This reduction of pressure has been such

that when the Hawkins pool was discovered in 1940 the pressure in

one part of the reservoir had already been reduced 280 pounds per

square inch below its initial value as a result of prior production

from other Woodbine sand pools, including, in particular, the East

Texas field, some 20 miles to the east of Hawkins.*

Maintenance of Pressure by Water Injection

The maintenance of pressure in a reservoir by artificial water

drive involves much less difficult considerations than maintenance of

pressure by natural water drive. The degree of maintenance is

dependent solely on the amount of water injected relative to the

reservoir withdrawals. If the volume of injected water is equal to

the volume of withdrawals the reservoir pressure may be main-

tained at its original value; if injection lags, the reservoir pressure

will decline. The specific degree of reservoir pressure decline can

be calculated directly from a volumetric balance.

*Bell, J. S., and Shepherd, J. M., "Pressure Behavior in the Woodbine Sand,"

Journal of Petroleum Technology, Jan. 1951.
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Pressure maintenance by water injection is normally considered

in relation to closed reservoirs having no access to an aquifer capable

of supporting natural water drive. There is a growing tendency,

however, to use water injection to dispose of produced water by
returning it to the producing formation at the edge of a reservoir

to sustain a natural water drive, to inject water to supplement an

inadequate water drive, and to create a water drive in a formation

that is continuous but has too low a permeability to provide natural

water drive to any appreciable extent.

Whenever water is injected at high pressure around the edges

of a pool from which the formation extends laterally outward with

continuous permeability a part of the injected water may flow out-

ward into the aquifer instead of into the oil zone. If such outward
flow occurs it must be taken into account in calculating the balance

between reservoir withdrawals and water injection. Even when the

pressure gradient around a pool is such that the injected water can-

not literally flow outward, the local change in pressure gradient

resulting from the injection reduces any natural influx of water by
an amount equivalent to the indicated outward flow. The effects of

natural water drive and water injection on each other, and their

net combined effect on the maintenance of reservoir pressure can

be determined by the methods used for natural water drive.

The permeability and size of a reservoir affect the response of

its pressure to water injection. If water is injected only around the

edges and oil is taken out over the entire pool, the fluid movements
within the reservoir will create a pressure gradient across the pool.

The reservoir pressure will be highest adjacent to the injection wells

and lowest in the center, or in the position most remote from the

injection wells. If a pool is very large and has low permeability this

pressure differential may be so great that some areas of the reservoir

may have low pressure in spite of the water injection. This situa-

tion is not encountered when water is injected through wells inter-

spersed among the producing wells throughout the pool.

Effects of Pressure Maintenance on Oil Recovery

With Natural Water Drive

In consideration of the effects of pressure maintenance on recov-

ery efficiency in a reservoir produced by natural water drive it is not

possible to divorce completely the specific effects of pressure on recov-

ery from the effects of rate of production on recovery and from all
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of the auxiliary factors that are affected by the interrelationship

between the average reservoir pressure, the distribution of reservoir

pressure, and the withdrawal rates.

The conditions necessary for efficient recovery in a water-drive

reservoir, including proper regulation of the production rate, have

been reviewed in some detail in prior chapters. If water drive is the

proper recovery method for a particular reservoir, then maintenance

of pressure is a necessary condition for most efficient recovery, for

without pressure maintenance by water drive the recovery would be

dominated by other mechanisms.

The specific effects of pressure itself, as distinct from pressure

maintenance, are dependent chiefly on the effects of reservoir pres-

sure on the characteristics of the reservoir fluids and the effects, in

turn, of these characteristics on flushing efficiency. The pertinent

characteristics of the reservoir oil that change with pressure are the

viscosity, the shrinkage, the density, and the interfacial tension.

Each of these factors has a specific effect on the recovery of oil

by water drive. The increase in the viscosity of the oil attending

decline of reservoir pressure either decreases the amount of oil dis-

placed by a given volume of water or increases the volume of water

required to reduce the oil saturation to a particular value. The vis-

cosity of a reservoir oil initially saturated with gas will usually

increase about threefold when the reservoir pressure is reduced to

atmospheric pressure.

The shrinkage of the reservoir oil does not directly affect the

flushing efficiency, but it changes the amount of unrecovered oil left

in a reservoir. This is so because more oil and less dissolved gas

are contained in a barrel of residual reservoir oil at reduced pres-

sure. For example, if the oil initially contained in a reservoir has a

formation volume factor of 1.50, then a barrel of reservoir oil at

the original reservoir pressure contains only two-thirds of a barrel

of stock-tank oil. If the reservoir were flushed by water drive to an

average residual oil saturation of 30%, then the unrecovered oil

would represent a residual saturation of only 20% surface oil if the

flushing were conducted at near the original reservoir pressure.

However, the same residual saturation of 30% reservoir oil would

represent a residual saturation of around 27% surface oil if the

reservoir pressure had been reduced so low that the flushing was

carried out when the oil had a formation volume factor of only 1.10.

The density of the reservoir oil affects the displacement only

when the flow is non-horizontal and is conducted at such a rate that
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gravity or buoyancy contributes to the displacement. The increase

in density of the reservoir oil that results from decline of reservoir

pressure and loss of dissolved gas reduces the density difference

between the oil and the water and reduces the buoyancy by an equiva-

lent amount, thereby reducing the degree of oil displacement at and

behind the advancing water-oil boundary.

The water-oil interfacial tension is effective at low displacement

rates in bringing about completeness of flushing in a heterogeneous

formation of variable texture in that it causes the water to invade

and expel the oil from sections of low permeability instead of by-

passing them. To the extent that the oil-water interfacial tension is

reduced by reduction of reservoir pressure the driving force causing

water to invade areas of low permeability is directly reduced.

Each of the effects described is the result of loss of dissolved

gas from the reservoir oil when the reservoir pressure is reduced.

The effects, therefore, are obviously confined to reservoir oils con-

taining an appreciable quantity of dissolved gas, and are not applica-

ble to undersaturated oils unless the reservoir pressure is reduced

below the saturation pressure. These effects may become very pro-

nounced in deep reservoirs that contain saturated oil with a great

deal of dissolved gas.

It is not possible to express in a single general statement the

magnitude of the loss of ultimate oil recovery that might result from

reduction of reservoir pressure. For a particular reservoir the specific

effects of pressure on the pertinent characteristics of the reservoir

oil may be determined experimentally by the methods outlined in

Chapter IV. The specific effects of viscosity, density, and shrinkage

on the relative flow of oil and water may be calculated from funda-

mental equations of fluid mechanics provided adequate information

is available on the characteristics of the producing formation. Meth-

ods have not yet been developed for quantitative evaluation of the

effects of changes in interfacial tension. Some idea of the over-all

effects of reservoir pressure decline may be obtained from data col-

lected on a number of water-drive pools by the American Petroleum

Institute Special Study Committee on Well Spacing and Allocation

of Production.* These data indicated an average trend of residual

oil saturation with reservoir pressure decline amounting to about

18% increase of residual oil saturation when the reservoir pressure

*Craze, R. C. and Buckley, S. E., "A Factual Analysis of the Effect of Well
Spacing on Oil Recovery," A.P.I. Drilling and Prod. Practice 1945, p. 144.
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decline was increased from 20% to 100% of the initial reservoir

pressure. Actual loss in terms of surface oil would of course be

increased still further by the corresponding change in shrinkage.

With Artificial Water Drive

It is probable that when reservoir pressure is maintained by the

use of water injection to supplement a natural water drive the con-

siderations involved in the effects of pressure maintenance on ulti-

mate recovery are substantially the same as those for maintenance

of pressure by natural water drive, except for the modified rela-

tionship between the reservoir pressure and the rate of influx of

water. When a water drive is created entirely by water injection

there is no natural relationship between the reservoir pressure and

the withdrawal rate. In such an instance the degree of maintenance

of reservoir pressure depends solely on the relative amount of

water injected. This is particularly true when a pattern water flood

is employed, wherein injection wells are interspersed among the pro-

ducing wells. In this situation the effects of pressure and of rate may
be divorced entirely, and the question of the effects of pressure alone

may be analyzed separately. The basic problem is in essence reduced

to the question of whether there is any advantage in carrying out an

artificial water flood while the reservoir pressure is high, as com-

pared with production of the reservoir first by dissolved-gas drive,

followed by an artificial water flood at low reservoir pressure.

For this specific alternative, both physical effects and economic

effects must be considered. If the alternative is based on the sup-

position that the two operations differ only in the pressure level, and

that the well pattern, the injection rates, and all other factors are the

same, then the effects of pressure are confined to the effects of the

changes in viscosity, density, shrinkage, and interfacial tension. The
direction of these effects is such as to yield higher ultimate oil recov-

ery when a water flood is carried on without serious decline of the

reservoir pressure. The combined magnitude of the effects depends

on the particular reservoir involved. Each of the effects is magnified

in deep reservoirs that contain saturated oil.

The economic factors also favor the flooding operations without

serious pressure decline. The chief advantage lies in a saving of

operating expenses through shortening of the total time required to

recover the oil. For example, if the size, shape, and characteristics

of a reservoir and the manner of injection were such that fifteen

years would be the proper time over which to flush the reservoir
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efficiently with water, the entire oil recovery operation could be con-

cluded within fifteen years if the operation were begun soon after

discovery of the reservoir and were carried on from the beginning.

If, on the other hand, the reservoir were first produced for five or

ten years by dissolved-gas drive and were then flooded for fifteen

years, the total operation would be stretched to twenty or twenty-

five years, with a proportionate increase in the total operating

expense. The dual operation might also involve certain additional

expenses for reconditioning of wells. In some cases these additional

expenses might mean the margin of difference between profitable

and nonprofitable operation, so that a deferred water flood could not

be carried on at all. The only specific factor favoring a low-pressure

water flood is the greater capacity of an injection well at low pres-

sure. The additional energy required to inject water at high pres-

sure is, however, offset by a corresponding reduction in the energy

required to lift the produced oil and water. If the reservoir pressure

is maintained at a high level many oil wells will continue to flow

until the reservoir is substantially depleted.

Another economic factor that must be considered is that with

artificial maintenance of pressure by water injection carried on from

the beginning, the rate of production of both oil and gas may be sta-

bilized at a level that will decline only gradually until the reservoir

is nearly exhausted. Gathering and storage facilities, and equipment

for stripping and marketing of the produced gas may be designed

to fit the intended scale of the operation. If dissolved-gas drive is

first employed the rates of production of both oil and gas may vary

over wide ranges, and excessive capacity of equipment may be

required. Much of the capacity of this equipment will be unused

during the later stages of recovery by dissolved-gas drive and the

early stages of the water flood. Little or no gas will be available to

meet fuel requirements during the water-flooding stage.

When all of these factors, both physical and economic, are taken

into account it is apparent that if the characteristics of a reservoir

and its contained fluids are such that artificial water flooding is

feasible and is the proper method to employ for the oil recovery

then the advantage lies with starting the water injection at an early

date and maintaining the reservoir pressure.

In any reservoir operated by water drive the needs of conserva-

tion are best served by preventing a serious decline in reservoir

pressure.
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Effect of Gas-Cap Shrinkage

A special problem arises in water-drive reservoirs in which a free

gas cap is initially present. If pressure is maintained at a high level,

expansion of the gas cap is prevented, and free gas production must

be carefully avoided to prevent shrinkage of the gas cap and loss of

oil into the region originally occupied by gas. If production of free

gas cannot be avoided it may be necessary to inject the produced

gas back into the gas cap. The gas injection will contribute to the

maintenance of reservoir pressure to the extent that it will reduce

the net reservoir withdrawals, but far more important is its function

of preventing movement of oil into the gas cap. Gas injection for

this purpose in water-drive reservoirs is essential in many more
pools than is commonly appreciated.

Gas-cap shrinkage is most often encountered when the reservoir

pressure is maintained by natural water drive at a stabilized high

level. It is apparent from the facts previously explained in con-

nection with maintenance of reservoir pressure by water drive that

stabilization of pressure takes place only when the volume of water

influx is equal to the total volumetric withdrawals from a reservoir

;

that is, when a barrel of water enters the reservoir to replace each

barrel of water produced, each reservoir barrel of oil produced, and

each reservoir barrel of gas produced. No expansion of reservoir

fluids takes place so long as the reservoir pressure remains constant.

The magnitude of gas-cap shrinkage may be appreciated from

the following example. It will be presumed that the pressure of a

reservoir is maintained by natural water drive at a constant level

of 2,500 pounds per square inch, that the rate of production is 1,000

barrels a day of stock-tank oil, the reservoir volume factor is 1.30,

and the dissolved gas-oil ratio is 500 cubic feet of surface gas for

each barrel of surface oil. It will be presumed that the actual pro-

duced gas-oil ratio is 1,500 cubic feet a barrel. There is then pro-

duced with each barrel of oil 500 cubic feet of gas that leaves the

reservoir dissolved in the liquid oil and 1,000 cubic feet that leaves

the reservoir as free gas. At the particular reservoir temperature and

pressure involved 1,000 cubic feet of free gas occupies a volume of

approximately one barrel.

If no water is produced a balance for the reservoir shows a

withdrawal of 1,300 reservoir barrels of oil, 1,000 reservoir barrels

of free gas, and a water influx of 2,300 barrels a day. A balance for

the oil zone is particularly revealing. A total of 2,300 barrels of res-

ervoir oil leaves the oil zone each day to make room for the 2,300

212



barrels of water that enters, but only 1,300 barrels of reservoir oil is

produced. The other 1,000 barrels of reservoir oil is forced out of

the oil zone into the gas zone to replace the 1,000 barrels of reservoir

gas that is produced.

Evaluation of Loss Caused by Gas-Cap Shrinkage—As pointed

out in previous chapters, it is not possible by water drive, even

though it is an efficient recovery mechanism, to recover all of

the oil from a formation. The average residual oil saturation in

a reservoir after exhaustion by water drive frequently ranges

from 20% to 40% of the total pore space. If it is assumed that 30%
residual oil saturation is a typical value for a reservoir in which the

pressure is maintained at a high level, then it is obvious that a com-

parable residual oil saturation must be left unrecovered in the invaded

portion of the gas zone if water drive is employed to recover the

oil from a gas zone that has been converted into an oil zone by

migration of oil within the reservoir.

Very little factual information is available concerning the orig-

inal oil saturation of free gas zones overlying oil. In some cases

cores from the gas-bearing portion of the formation appear to con-

tain no oil at all. In other cases they have definite staining, and some-

times they show 2% to 3% oil saturation by extraction. It is prob-

able that the oil saturation above the transition zone of the original

gas-oil contact does not exceed 5% of the pore space in most res-
ts

ervoirs.

If these figures are representative then it is obvious that a sig-

nificant part of the oil that moves into a gas cap is not recoverable

by water drive. The magnitude of the loss may be estimated in the

manner outlined in the following example. If the connate water con-

tent of the gas-cap part of the formation is 30%, if it contains an

original oil saturation of 5%, and if the oil moving into the gas cap

displaces gas to a residual gas saturation of 10%, then the new oil

has available to it only 55% of the pore space in the invaded por-

tion of the gas zone. One reservoir barrel of migrating oil must

therefore invade 1.82 barrels of pore space, increasing the oil satura-

tion from 5% to 60%, the remainder being filled with 30% con-

nate water saturation and 10% gas saturation. If the recovery to be

anticipated by water drive is such as to reduce the average oil sat-

uration of the oil zone to 30% then it is reasonable to expect that

by later recompletion of wells to positions above the original gas-oil

contact it will be possible to allow the water drive to flush the oil-

invaded portion of the gas cap down to a residual oil saturation no
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lower than 30%. Such flushing would then yield a recovery of only

55% of the oil that invaded the gas cap, leaving 45% of it unre-

covered.*

The indications are that in typical water-drive reservoirs the

ultimate loss of oil that invades a gas cap usually ranges from 30%
upward, sometimes reaching 100%, or complete loss. A loss of at

least 50% often occurs.

A loss of 50% of the oil forced into the gas cap in the example

of the reservoir producing 1,000 barrels of oil a day at a gas-oil

ratio of 1,500 cubic feet a barrel at constant reservoir pressure of

2,500 pounds per square inch would indicate a loss of 500 barrels of

reservoir oil or 385 barrels of stock-tank oil for each 1,000 barrels

of surface oil produced. In terms of the value of the gas, the produc-

tion of 1,000 cubic feet of free gas would cost 0.385 barrel of lost oil.

If this oil were valued at $2.50 per barrel, each 1,000 cubic feet of free

gas would cost $0.96 in terms of reduced ultimate income from oil

production.

In addition to the loss in ultimate income, extra costs would be

incurred in recovering the oil from the gas cap. Wells would have

to be recompleted, and the recovery operations might be prolonged.

Another important factor is the effect of the production of free

gas on the recovery of oil remaining within the oil zone. In the

example used for illustration, wherein the oil production was 1,000

barrels a day but the water influx was 2,300 barrels a day, it is

obvious that the response of the reservoir was, in respect to both

reservoir pressure and flushing efficiency, the same as if the reser-

voir had produced at a rate of 2,300 barrels a day of reservoir oil

with no free gas production. Thus, additional loss was incurred in

either of two ways. If the characteristics were such that the reser-

voir was actually capable of yielding efficient oil displacement at a

rate of 2,300 barrels of reservoir oil a day, then financial loss was

caused by the unnecessary prolongation of the operation resulting

from the fact that only 1,000 barrels instead of 1,770 barrels a day

of surface oil was currently being obtained from the displacement. If

the reservoir were actually not capable of yielding efficient displace-

ment at a rate exceeding 1,300 barrels a day of reservoir oil, then

loss of ultimate oil recovery through reduced flushing efficiency

Recovery = (^°~ 3
r

° ) X 100 = 55%, or = (60— 30) X 1.82 = 55%.
(60— 5)
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would result from the higher rate of displacement within the reser-

voir caused by the free gas production.

The losses that result from shrinkage of a gas cap in a reservoir

where pressure is maintained by water drive are always so much
greater than either the market value of the gas or the costs of com-

pression and injection that free-gas production of such magnitude as

to cause gas-cap shrinkage should never be tolerated in a water-

drive reservoir.

In many water-drive reservoirs the production of free gas is not

avoidable. The oil zone may be initially thin and may be overlain by

gas over a large area, or if not initially thin, it may become thin as

the recovery process approaches completion. In either event, wells

must be completed eventually at or near the top of the oil interval

to permit complete flushing of the oil zone by water. Exclusion of

free gas from wells is often not possible under such circumstances,

and injection of the produced free gas is the only feasible means of

preventing a net withdrawal of free gas.

In a reservoir whose pressure is continuously declining, or whose

pressure has declined to an appreciable extent before it has become

stabilized, it is not always obvious from the production whether or

not shrinkage of the gas cap is taking place. Under such conditions

volumetric balance calculations must be employed to determine the

volumetric changes taking place within the reservoir.

The impression must not be obtained that injection of gas into

a water-drive reservoir is in general a desirable operation. Injection

of gas to offset production of free gas is often a vital necessity for

efficient recovery. It fills a specific need of stopping gas-cap shrink-

age; that is its sole function. If gas were injected into a water-drive

reservoir in more than sufficient volume to prevent gas-cap shrink-

age, as, for example, if produced dissolved gas were returned to

the reservoir, then oil would be displaced from the reservoir by gas

as well as by water, and two recovery mechanisms would be opera-

tive. Such an operation would have to be analyzed on the basis of

whether, in the particular reservoir under consideration, gas dis-

placement were more efficient or less efficient than displacement by

water. If displacement by water were the more effective, it would be

desirable ultimately to flush the entire reservoir with water. The
injection of gas might serve no purpose from the standpoint of ulti-

mate oil recovery except to slow the advance of the water. Injection

of gas into a water-drive reservoir is sometimes employed for the
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deliberate purpose of obtaining temporarily a higher rate of oil pro-

duction than would be possible under efficient operation with water

drive alone, but that is a rare practice.

GAS DRIVE

The pressure in an oil reservoir can be maintained by gas if the

pore space vacated by the produced oil is kept rilled with gas under

pressure. The gas required may be initially present in the reservoir

as a gas cap ; under some circumstances it can be supplied by escape

from solution in the reservoir oil ; or it can be injected into the res-

ervoir. The gas injected may be confined to that produced with the

oil, or gas from extraneous sources may be supplied. The degree of

maintenance of the pressure may vary from complete preservation

of the original reservoir pressure to a mere retardation of the decline,

depending on the supply of gas and its source.

Natural Maintenance of Pressure by Gas Cap

Complete maintenance of the original reservoir pressure by a

natural gas cap is not possible, because the free gas must expand in

volume to fill the space vacated by the produced oil. The required

expansion is brought about by a decline of reservoir pressure. The
amount by which the pressure will decline for a given volume of oil

production may be determined quantitatively by volumetric balance

calculations if the volumetric behavior of the reservoir oil and gas

are known.

There are two essential requirements for a high degree of pres-

sure maintenance by use of a natural gas cap. The first requirement

is that the original volume of free gas considerably exceed the

volume of oil to be produced; the second is that the free gas be

retained within the reservoir and not be dissipated during the oil

production. Fulfillment of the latter requirement requires careful

control of the entire reservoir.

Since the free gas that sustains the pressure is already present

in the reservoir and does not have to flow into it from a distance,

the rate of production of oil does not affect the average reservoir

pressure except insofar as it may cause dissipation of free gas.

Maintenance of pressure requires that the oil production rates of

individual wells be sufficiently restricted to avoid local irregularity

of the advance of free gas and that the oil production be confined
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at any time to those wells not yet reached by free gas. Wells invaded

by free gas must be closed in. Production of free gas inevitably sets

in when the advancing gas has reached the structurally lowest wells

;

thereafter the reservoir pressure will decline in proportion to the

volume of free gas produced as well as in proportion to the volume

of oil produced.

It is apparent from the requirements for maintenance of pres-

sure by a gas cap that they are identical with those outlined in Chap-

ter VI for operation with a gas-cap drive. In fact, a gas-cap drive

can operate only to the extent that a free gas cap can be made to

expand and to encroach progressively through the oil zone. If the

reservoir conditions and the operating controls are such as to yield

efficient oil recovery by gas-cap drive the reservoir pressure can

usually be maintained at a reasonably high level by a gas cap through-

out the duration of the recovery operation. If the volume of free

gas originally available is deficient, or if the available gas is dissi-

pated by improper production practices, the retardation of pressure

decline will be quite temporary.

Maintenance of Pressure by Gas Injection

Maintenance of reservoir pressure by injection of gas is not sub-

ject to the limitations encountered when pressure maintenance is con-

fined to the effects of a gas cap initially present. The degree of pres-

sure maintenance is dependent directly and solely on the amount of

gas injected. If the gas injection is confined to the gas produced

with the oil the reservoir pressure will decline continuously, but

usually only moderately ; if gas from an extraneous source is injected

in such quantity that the reservoir volume of injected gas is equal

to the reservoir volume of all withdrawals the reservoir pressure

will be maintained at its original value. The exact degree of pres-

sure maintenance obtainable by gas injection in a closed reservoir

may be calculated directly by a volumetric balance.

Gas-injection operations are carried on in several different ways
and for several purposes. Gas produced with the oil is frequently

injected into the crest of a structure to create a gas cap, to augment
a gas cap already present, or sometimes merely to avoid the dissipa-

tion of free gas produced from the reservoir along with the oil. Gas
may be injected at either high or low reservoir pressure through

wells interspersed among the producing wells.
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Maintenance of Pressure by Gravity Segregation of
Dissolved Gas

To the extent that a dissolved-gas drive may be modified by
causing the gas released from solution to segregate within the res-

ervoir by buoyancy under the action of gravity, some degree of pres-

sure maintenance may be obtained through control of the production

rate in a dissolved-gas-drive reservoir, provided dissipation of the

segregated gas is avoided. Although such segregation and its accom-

panying gravity drainage of oil can materially increase the oil recov-

ery, the degree of maintenance of reservoir pressure possible through

this mechanism is usually substantially less than with a gas-cap drive

or with gas injection. Observation of gas segregation within a reser-

voir operating under dissolved-gas drive is important chiefly in

providing direct indication that the reservoir may be suitable for

gravity drainage under pressure maintenance.

The detection of gas segregation requires consideration of the

reservoir pressures and gas-oil ratios of individual wells in different

positions in a reservoir. The difference in specific gravity of gas

and oil is sufficiently large that in many instances gas liberated in

the formation flows not to the nearest well but to the highest por-

tions of the reservoir along a path dictated by structural and forma-

tion conditions. There it causes an increase in the gas-oil ratios of

the structurally highest wells. There is sometimes difficulty in detect-

ing gas segregation because these wells are also at the greatest dis-

tance from the water-oil contact and, if any water drive is present,

will usually have the lowest pressure prevailing in the reservoir at

any moment. These low pressures may also exert some influence on

gas-oil ratio, obscuring the principal reason for the observed increase.

When the formation has low permeability the resultant low pressure

immediately around a well is usually the major cause of increased

gas-oil ratio. However, in a formation of low permeability, increases

in gas-oil ratio should appear over the entire reservoir rather than

in just the upstructure wells, although the ratio might be slightly

greater in the wells high on the structure. In a formation of high

permeability, upward migration of gas freed from the entire oil

accumulation is more apt to be the major cause of high gas-oil ratio

in upstructure wells. No sharp demarcation can be drawn, because

pressure effects and segregation effects often overlap to a consider-

able degree. However, careful analysis of well records will often

permit detection of gas segregation if it is occurring to any impor-

tant extent.
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Figure 14 shows an example of a reservoir in which gas segrega-

tion was clearly evident at an early date. The reservoir has an average

formation permeability of 250 millidarcys. Structurally low wells

did not show an increase in gas-oil ratio even when the reservoir

pressure had declined 400 pounds per square inch below the satura-
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Fig. 14—Effect of Structure on Gas-Oil Ratio

tion pressure of the reservoir oil. At the same time, wells located

high on the structure showed distinct increases in gas-oil ratio.

Moreover, this difference in gas-oil ratio was noticeable when the

average reservoir pressure had declined only 275 pounds per square

inch below the saturation pressure. The fact that the pressure dif-
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ference between the areas of high ratio and low ratio never exceeded

20 pounds per square inch clearly indicates that migration of

gas was the main factor governing the divergent behavior, even

though the dip of the structure does not average more than 1%.
It is particularly interesting that volumetric balance calculations

on this reservoir indicated only 4.8% of the total pore space

to be occupied by free gas when the reservoir pressure had been

reduced 275 pounds per square inch below the saturation pressure.

Effects of Pressure Maintenance on Oil Recovery

Since the effects of the oil production rate on the reservoir pres-

sure in a gas-drive reservoir are confined entirely to those taking place

within the oil reservoir, the specific effects of pressure maintenance on

oil recovery by gas drive are somewhat more readily isolated for anal-

ysis than are the effects of pressure maintenance by natural water

drive. If the nature of the reservoir is such that the force of gravity

can be effectively employed in the oil recovery process, the rate of oil

production controls the degree of gas segregation, the uniformity of

gas encroachment, the amount of oil recovery prior to the stage at

which excessive production of free gas begins, and thus the relative

duration of pressure maintenance. Too high a rate of oil production

may cause premature production of gas and bring an end to the pres-

sure maintenance. However, if the produced gas is all returned to the

reservoir the average reservoir pressure is the same for the same
total amount of oil production regardless of how fast the oil is pro-

duced. Furthermore, if the nature of the reservoir is such that the

force of gravity is not an important factor it is doubtful whether

the total rate of oil production has any important effect on the rela-

tive production of gas.

If gas injection is to be employed the producer has the choice

of conducting a gas-drive operation at either high or low reservoir

pressure at either a high or low production rate. To the extent that

the rate of production of oil may have an independent effect on the

ultimate recovery of oil at either high or low pressure, and to the

extent that the rate of production may affect the feasibility of return-

ing to the reservoir all produced gas, the production rate may affect

both the degree of pressure maintenance and the ultimate oil recov-

ery. Also, the degree of pressure maintenance will affect the ability

of a reservoir to support a particular rate of oil production. It is

these interrelations and their effects on the economics of the opera-
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tion that to a large extent determine the net effect of pressure mainte-

nance on ultimate oil recovery by gas drive.

With Gravity Drainage

When gas-cap drive is employed efficient recovery requires that

the oil displacement be effected insofar as possible by gravitational

drainage of the oil rather than by expulsion with gas. The degree

of recovery obtainable by use of the force of gravity is dependent

on the rate of oil drainage, in that adequate time must be allowed

to permit the drainage to deplete the reservoir to a satisfactory

degree. If the reservoir conditions are such that gravity drainage

is reasonably rapid the permissible withdrawal rate for a given

degree of ultimate recovery will obviously be higher than if the

reservoir conditions or the nature of the oil are such that the drain-

age takes place more slowly. In the latter case more time must be

allowed to deplete the reservoir. The specific effects of pressure on

the ultimate recovery are, therefore, primarily those that affect the

rate of drainage of the oil and thereby the completeness of the drain-

age attained by the time the operation fcas reached its economic

limit.

In any particular reservoir the rate of drainage of the reservoir oil

by gravity is directly proportional to the density of the oil and

inversely proportional to its viscosity. It is also quite dependent on
the oil saturation, in that the permeability of a formation to oil

decreases rapidly with decreasing oil saturation. When the reservoir

pressure is reduced and dissolved gas escapes from solution the

density and the viscosity of the reservoir oil both increase, and the

reservoir oil shrinks in volume, reducing the oil saturation.

The changes in the viscosity and in the density have opposite

effects on the rate of drainage, the density increase tending to accele-

rate it and the viscosity increase tending to slow it down. The magni-

tudes of these two changes are such, however, that the increase in

viscosity is always greater than the increase in density. The com-

bined effect of these two factors is therefore to retard oil drainage

when the reservoir pressure is reduced. In a reservoir containing a

typical saturated oil the net retardation of the drainage rate caused

by the combined effects of the changes in viscosity and density that

result from reduction of the reservoir pressure from the saturation

pressure to atmospheric pressure usually varies from about twofold

to about fourfold.

The additional retardation caused by shrinkage of the reservoir
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oil varies more widely. The amount of the shrinkage varies with

the amount and composition of the gas originally dissolved in the

oil; furthermore, the change in reservoir-oil saturation that results

from shrinkage depends on the volume of oil contained within the

formation and therefore on both the connate water content and the

degree of depletion. For example, if the connate water content of

a formation is 20% and the oil saturation at a particular stage of

depletion is 60%, a change of formation volume factor from 1.50 to

1.05 would cause the oil saturation to decline from 60% to 42%.
However, if the connate water content of a formation were 40%
and the oil saturation 30% at a particular stage of depletion, a

change of formation volume factor from 1.20 to 1.05 would cause

the oil saturation to decrease only from 30% to 26.2%. In most

sandstone formations a reduction of 10% in oil saturation will cause

a reduction in permeability to oil ranging from about 1.5 fold to

4 fold. The reservoir oil at the reduced formation volume factor

undergoes less additional shrinkage in passing from the reservoir

to the surface; accordingly, the net rate of drainage in terms of

stock-tank oil is not reduced in direct proportion to the reduction

in the rate of drainage of reservoir oil. However, the loss of per-

meability that results from the reduced oil saturation caused by

shrinkage of oil in the reservoir is always great enough to cause the

net effect of shrinkage to be a reduction of the rate of drainage of

either reservoir oil or oil as measured at the surface.

It is obvious that the net effect of a reduction in reservoir pres-

sure is always to retard drainage of the oil. The degree of retarda-

tion, however, will depend on both the formation characteristics

and the nature of the reservoir oil. For any particular reservoir the

effect may be determined provided the proper factual information is

available on the producing formation and its contents.

In addition to the retardation of drainage caused by reduction

in pressure, the effect of the increase in surface tension that accom-

panies reduction in pressure is to cause a higher retention of oil in

areas of lower formation permeability. However, methods have not

yet been developed for quantitative evalution of that effect.

In most reservoirs the over-all effects of pressure reduction are

such as to cause an almost drastic decrease of the rate of gravity

drainage of oil. These effects may be readily visualized through a

specific example. It will be presumed that a particular reservoir con-

tains 30% connate water and 70% reservoir oil, which is saturated

with gas at an original pressure of 3,500 pounds per square inch and
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has a formation volume factor of 1.50, a reservoir density of 40

pounds a cubic foot, and a viscosity of 1.0 centipoise. It will be

presumed that the dip of the formation and the permeability are

such that gravity drainage will reduce the average residual oil sat-

uration of the reservoir to 30% of the pore space by the time the

rate of drainage of the oil has declined to the economic limit and

free gas has reached the lowermost wells. It will be presumed that

this process requires a total elapsed time of 20 years when conducted

without decline of reservoir pressure. The conditions specified lead

to an ultimate recovery of 57% of the oil originally contained within

the reservoir.*

Alternatively, it will be presumed that the reservoir is first pro-

duced by dissolved-gas drive and that the gas is dissipated until the

reservoir pressure is reduced to only slightly above atmospheric

pressure. It will be presumed that this reduction of pressure will

cause the viscosity of the reservoir oil to increase to 3.7 centipoises,

the density to increase to 50 pounds a cubic foot, and the formation

volume factor of the remaining reservoir oil to decline to 1.05. After

depletion by dissolved-gas drive, gravitational drainage will con-

tinue.

The combined effects of the presumed changes of viscosity and

density are such that at the reduced pressure the rate of gravity

drainage will be only one-third the rate at the higher pressure for

any particular remaining oil saturation. The effect of the shrinkage,

however, is such that if the same ultimate oil recovery is to be

obtained by gravity drainage at the reduced pressure the residual

oil saturation in the reservoir will have to be reduced to 21% instead

of to 30%. This will cause an additional retardation of about two-

fold. To attain the same final recovery by gravity drainage at the

reduced pressure would therefore require that the entire operation

consume some 100 years, and that it be continued down to a final

production rate of approximately one-fifth the rate at which it was

presumed that abandonment would occur with the high-pressure

operation.

It is quite obvious that the total costs of operation over a period

of 100 years would far exceed the total for 20 years. The use of

100 years to obtain the same ultimate recovery that could have been

obtained in 20 years would be economically unsound.

It is almost equally obvious that in this reservoir it would not be

*Recovery = 70~ 30 X 100 = 57%
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feasible to carry on the operation for 100 years. If abandonment at

high pressure would have to occur when the rate of production of

oil had declined to the economic limit, the same economic limitations

would prevent a low-pressure operation from being carried beyond

the time when approximately the same rate of production would be

reached. In order to have the same final rate of production as would

be obtained at the higher pressure at a residual oil saturation of

30% the reservoir would have to be abandoned at a residual oil sat-

uration of at least 40% at the lower pressure to offset the retarda-

tion caused by the viscosity increase. Abandonment of the reservoir

at a final oil saturation of 40% with a reservoir oil formation volume

factor of only 1.05, instead of abandonment at a final oil saturation

of 30% with a formation volume factor of 1.50, would mean a

reduction of ultimate recovery from 57% of the original oil content

of the reservoir at high pressure to only 18.2% at the reduced pres-

sure.* The latter would represent very little increase over that obtain-

able by dissolved-gas drive.

Although the magnitude of the loss in any particular reservoir

may differ substantially from that of the example used for illustra-

tion, the net effect of all of the factors involved is such that reduc-

tion of reservoir pressure will always cause a loss in the ultimate

quantity of oil recoverable by gravity drainage. When a reservoir is

suitable for employment of this recovery method the advantages

of maintaining reservoir pressure are usually quite great.

Recovery of oil by gravity drainage under pressure maintenance

is in effect simply a gas-cap drive except that the gas is used solely

to maintain the pressure instead of to displace the oil by forced

migration. The conditions and controls necessary for this type of

operation have been described in detail in Chapters V and VI. The

process is essentially the same regardless of whether the gas cap is

initially present or is augmented or created by injection of gas. Even

when gravity cannot be employed as the sole agency for oil recov-

ery it may contribute materially to the recovery obtainable by gas

displacement. To the extent that gravity is operative at all its con-

tribution to the ultimate oil recovery is very dependent on the mainte-

nance of reservoir pressure to facilitate drainage of the oil.

^Original stock-tank oil in reservoir = 70/1.50 = 46.6

Residual stock-tank oil in reservoir = 40/1.05 = 38.1

Recovery = 46 -6~ 381 X 100 = 18.2%
4o.o
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In any gas-drive reservoir in which gravity is either the domi-

nant force causing oil movement or is an important factor the

advantages of pressure maintenance are usually sufficiently great

to justify injection of gas unless there is originally present a very

large gas cap that can maintain the pressure at a high level without

injection. When gravity is a dominant factor the gas-injection costs

can usually be kept very low, for the segregation of oil and gas

within the reservoir can be employed to prevent production of gas,

and the injection can be confined to the dissolved gas released from

the produced oil, or to sufficient gas from an outside source merely

to replace the reservoir volume of oil produced.

There are three alternatives with regard to the rate of production

of oil in a gravity-drainage operation under pressure maintenance,

as follows:

1. The rate of production may be restricted from the beginning

to a value sufficiently low to assure satisfactorily complete drainage

of the entire reservoir by the time free gas reaches the lowermost

wells. Under this condition the production rate may be kept constant

throughout the operation, and production of free gas should not be-

come excessive until the entire oil zone has been substantially de-

pleted and free gas has reached the lowermost wells.

2. The production rate may be restricted at any time to the

drainage rate at the prevailing oil saturation in the uppermost part of

the oil zone. This drainage rate constantly declines as the reservoir

is depleted and as the formation permeability to oil is reduced by the

oil desaturation. This is the maximum rate at which oil can be pro-

duced without causing premature production of free gas.

3. The oil may be produced continuously at a higher rate than

the gravity drainage rate. At this rate gas will force its way into

the oil zone faster than the oil can drain by gravity, and a part of

the oil will be produced directly by gas displacement. Since at this

rate gas will quickly penetrate the entire reservoir, free gas will be

produced with the oil and the pressure can be maintained only by

injection of gas.

The proper choice in a particular reservoir is dependent on
whether gas is injected or whether pressure is maintained by a free

gas cap initially present. In any case, the operation should be so

conducted as to permit the maximum ultimate recovery of oil by the

time the economic limit is reached.
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With Horizontal Gas Drive

When gas drive at either high or low pressure is employed under

conditions where drainage of oil by gravity cannot take place or is

negligible, as, for example, when the flow is essentially horizontal

or the formation permeability is low, the mechanism of the oil recov-

ery is distinctly different than with gravity drainage.

Without the aid of gravity the gas drive is reduced to a simple

displacement of oil by gas and is subject to all of the limitations

imposed by the relative ineffectiveness of gas as a displacement agent.

The gas invades the entire reservoir and reaches all producing wells

long before the ultimate oil recovery is obtained. The final recovery

obtainable is therefore determined under conditions where both gas

and oil are flowing rather than just oil. If a high degree of recov-

ery efficiency is to be reached there must be a prolonged period of

operation during which the volume of gas produced far exceeds the

volume of oil produced.

The basic considerations under this condition are the same

regardless of the manner in which the gas drive is conducted, whether

it takes place as a result of expansion of a gas cap already present

or as a result of gas injection. There are no fundamental differences

whether gas is injected into a gas cap or into wells interspersed

among the producing wells. Since the displacement process is essen-

tially the same regardless of the source of the gas or the manner of

its injection, any gas-drive process employed under conditions such

that gravity is not a factor is considered in this discussion to be a

horizontal gas drive.

Certain conclusions are readily apparent from the fundamental

nature of the gas-displacement process

:

1. It is evident that in any reservoir in which gas drive is

employed under conditions that preclude the use of gravity to cause

selective oil movement the oil recovery obtainable is independent of

the rate of oil production, except insofar as the rate of production

affects the controlling economic factors.

2. The volume of gas that must be produced to recover the oil

is so great that even a relatively large original gas cap cannot supply

sufficient gas to continue a horizontal gas drive to a high degree of

oil recovery unless the produced gas is returned to the reservoir.

Therefore, gas injection is essential to this type of gas drive, whether

it be conducted at high pressure or at low pressure.

3. Any gas-injection operation must cease when it has reached

its economic limit. Therefore, in the final analysis the economic fac-
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tors control the ultimate recovery obtainable by horizontal gas drive

in any particular reservoir.

There are three alternative conditions under which a horizontal

gas drive may be employed, as follows

:

1. The reservoir may be produced by dissolved-gas drive until

the reservoir pressure has declined to a very low value and the oil

production has reached the stripper stage or has ceased. Gas drive

may then be employed at low reservoir pressure. When so employed,

the gas-drive operation is usually considered to be secondary recov-

ery.

2. All produced gas may be returned continuously to the reser-

voir, beginning with the first production or shortly thereafter. This

type of operation is typical of what is normally considered to be

pressure maintenance during primary production.

3. Gas from an extraneous source may be injected to maintain

the reservoir pressure at its initial value throughout the production

process.

The latter two of these processes will be considered to be pres-

sure maintenance.

Physical Differences Between Low-Pressure and High-Pressure

Gas Drive—There are two very important differences between low-

pressure and high-pressure horizontal gas drive. These are the rate of

production of oil from a well and the produced gas-oil ratio. With
either pressure condition the rate of production of oil from a well con-

tinuously declines and the produced gas-oil ratio continuously rises.

However, at high pressure both the well-production rate and the

gas-oil ratio are usually manyfold greater at any given stage of

reservoir depletion than at low pressure. These facts are readily

apparent from the nature of the displacement process and the effects

of pressure gradient on the flow of oil and gas.

The low rate of production from a well with low-pressure gas

drive is caused by the following factors

:

1. The reduced reservoir pressure.

The lower the reservoir pressure at which the gas drive is con-

ducted the lower is the pressure difference available between the

reservoir and the well bore to cause flow of oil into a well.

2. Decreased formation permeability to oil.

The permeability to oil of any formation depends on the oil

saturation. If the low-pressure gas drive has been preceded by dis-

solved-gas drive the oil saturation and the formation permeability to
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oil have been reduced by both removal of the produced oil and shrink-

age of the oil remaining in the reservoir.

3. Increased viscosity of the reservoir oil.

The increased oil viscosity that results from the loss of dissolved

gas caused by the reduction of reservoir pressure decreases the rate

at which oil can flow into a well.

The combined effect of these factors is such as to bring the pro-

duction of any well down to a few barrels a day by the time the

reservoir pressure has reached a low level.

If low-pressure gas drive is begun after the production rate of

the wells has already been reduced to a few barrels a day by dis-

solved-gas drive, then the operation must continue at the same low

rate from a well unless the reservoir pressure is raised. The flow

of gas through the formation can do nothing to increase the pro-

ductivity of a well unless conditions within the reservoir are changed.

The mere flow of gas does nothing to improve the conditions in

regard to the flow of oil ; the viscosity of the oil is not reduced ; the

oil saturation is not increased ; and, to the extent that further desat-

uration of oil takes place if any additional oil at all is produced, the

ability of the reservoir to deliver oil is still further impaired.

The only factor remaining that can in any way affect the rate

of flow of oil is the effective pressure difference between the reser-

voir and the well bore. The conclusion is apparent that, aside from

certain transient effects that may result from a change in the dis-

tribution of the reservoir pressure in the region immediately tribu-

tary to a well, injection of gas can sustain a higher rate of produc-

tion of oil only to the extent that it is used to raise the reservoir

pressure and thereby to increase the pressure differential available

to drive oil to a well bore.

Reservoir pressure cannot be increased without at the same time

causing an increase in the produced gas-oil ratio. The higher the

pressure the greater is the resultant gas-oil ratio. In spite of any

increase of reservoir pressure, the rate of production of oil will again

decline continuously because of decreasing permeability to oil as

further desaturation of the reservoir results from further oil deple-

tion; at the same time, the produced gas-oil ratio will rise continu-

ously because of increased formation permeability to gas as the gas

saturation in the reservoir rises. If the tendency of the gas-oil ratio

to increase is countered by permitting the reservoir pressure to

decline, the decline in the rate of production of oil is merely accel-

erated.
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It is apparent from these considerations that gas drive at low

pressure is, in effect, always a stripper operation. Well-production

rates are of necessity quite low.

Pressure maintenance by gas injection is an operation with a

wholly different character, provided it is actually carried to its eco-

nomic limit at high pressure. If reservoir pressure is maintained by

gas injection the viscosity of the oil does not materially increase,

the usable pressure differential for forcing oil from the reservoir

into a well bore is sustained, and the oil remaining in the reservoir

does not shrink materially, so the productive capacity of a well

declines only as the result of the decline of formation permeability

to oil as the reservoir is depleted. The high reservoir pressure, how-

ever, causes the produced gas-oil ratio to be manyfold higher than

is the case with low-pressure gas drive. Thus, pressure maintenance

by gas injection is characterized by sustained well capacity but by

extremely high gas-oil ratio.

The reason for the much higher produced gas-oil ratio with

high-pressure gas drive lies in the compressibility of gas. The vis-

cosity of gas does not change materially with pressure, but its

volume varies inversely as the pressure. A given weight of gas at

1,500 pounds per square inch occupies only 1% of the volume it

would occupy at atmospheric pressure. Therefore, for any given

formation permeability to gas and any given pressure gradient within

the reservoir 100 times as much gas will flow at a reservoir pres-

sure of 1,500 pounds per square inch as will flow at atmospheric

reservoir pressure. This effect of the compressibility of gas is so

great that it far exceeds the viscosity and shrinkage effects that act

to facilitate the flow of oil at high reservoir pressure, except in those

reservoirs that have oil with abnormally high shrinkage.

However, the higher the reservoir pressure at which a low-pres-

sure gas drive must be conducted in order to yield reasonable well-

production rates, the lower is the contrast between the gas-oil ratio

at low pressure and at high pressure. For example, the density of

gas at 3,000 pounds per square inch is approximately 200 times what

it is at atmospheric pressure, but only 20 times the density at

200 pounds per square inch, and only 6 times the density at 500

pounds per square inch. Thus, when comparison is made between

moderate pressure and high pressure the difference in gas density

may be more than compensated by viscosity and shrinkage effects,

even with normal reservoir oils, so that in some reservoirs a lower
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produced gas-oil ratio may be obtained by gas drive at high reservoir

pressure than at intermediate reservoir pressure.

In any event, whether the gas drive be conducted at low pres-

sure, at intermediate pressure, or at high pressure, the production

of oil and gas will follow the same basic pattern. The oil-production

rate of a well will decline continuously as the formation permeabil-

ity to oil is reduced by depletion, and the gas-oil ratio will rise con-

tinuously as the gas saturation in the reservoir rises and the forma-

tion permeability to gas increases. If the reservoir pressure is main-

tained constant at either low or high pressure throughout the process

the rate of decline of the oil production and the rate of rise of the

gas-oil ratio are controlled entirely by the changes in formation

permeability caused by depletion of the oil. If the reservoir pressure

is declining during the process the decline of the rate of production

of oil is accelerated by the viscosity increase of the oil and the

decreased oil saturation resulting from shrinkage of the reservoir

oil. Under either condition the rate of production of gas from a well

usually rises as depletion proceeds, the progressive increase of gas-

oil ratio more than compensating for the decrease in the rate of

production of oil unless the reservoir pressure is declining very

rapidly.

Economic Factors—Because of the widely different character of

low-pressure and high-pressure gas drive it is not possible to choose

between them on any presumed basis of efficiency.

The only obvious fact is that injection of gas at either low or

high pressure will result in additional oil recovery over that obtain-

able by dissolved-gas drive. The real test, however, is how much addi-

tional ultimate oil recovery either process can yield by the time con-

tinued operation becomes impractical because of prohibitive costs.

The two dominant items that affect the economic limit and thus

set the point at which the injection of gas must cease are the declin-

ing production of a well and the continuously increasing gas-oil ratio.

The declining production reduces the income available to support

the process, and the rise of gas-oil ratio leads to continuously rising-

costs. When the operating costs continuously exceed the revenue the

operation must cease.

Some idea of the contrast between low-pressure and high-pres-

sure horizontal gas drive and of the factors that control the eco-

nomic limit of each may perhaps be obtained from the tabulations

presented in Table 14. The figures in this tabulation were based on the

estimated behavior of a sandstone reservoir of formation-perme-
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ability characteristics favorable to the displacement of oil by gas.

It was presumed that the reservoir initially contained 30% connate

water and 70% reservoir oil. The oil was presumed to be saturated

with dissolved gas at 2,500 pounds per square inch, with a forma-

tion volume factor of 1.30, and a dissolved gas-oil ratio of 500 cubic

feet for each barrel of surface oil.

Three situations are compared in the tabulation, as follows

:

1. The reservoir is first produced by dissolved-gas drive, which

is then followed by gas drive at an average reservoir pressure of 60

pounds per square inch.

2. From the beginning, all produced gas is returned to the res-

ervoir, with fuel from other sources used for gas compression.

3. From the beginning, gas from outside sources is injected to

maintain the reservoir pressure continuously at 2,500 pounds per

square inch.

In each of the pressure-maintenance operations it was presumed

that the production of a well is arbitrarily restricted by limiting the

pressure differential between the reservoir and the well bore to 200

pounds per square inch.

TABLE 14

Comparison Lozv-Pressure and High-Pressure Horizontal Gas Drive

Pressure Maintained with Pressure Maintained at

Cumulative Glae Drive at 60 !bs./sq. in. All Produced Gas Returned 2,500 lbs./sq. in.

Oil . . , . .

Production Oil Oil Oil

Production Gas-Oil Daily Gas Reservoir Production Gas-Oil Daily Gas Production Gas-Oil Daily Gas
% of Rate Ratio Production Pressure Rate Ratio Production Rate Ratio Production

Original bb!. per day cu. ft. cu. ft. lbs. per bblperday cu. ft. cu. ft. bbl.perday cu. ft. cu. ft.

Oil in Place per well per bbl. per well sq. in. per well per bbl. per well per well per bbl. per well

2,500 300 500 150,000 300 500 150,000
10 2,020 202 850 170,000 230 900 210,000
20 1,790 134 2,000 270,000 168 1,800 300,000
30* W 1,300 13,000 1,640 87 6,000 520,000 115 4,900 560,000
40 6.5 3,600 23,000 1,530 55 18,000 990,000 75 16,000 1,200,000
50 4.2 10,000 42,000 1,390 33 55,000 1,800,000 46 52,000 2,400,000
55 3.2 16,000 51,000 1,340 25 95,000 2,400,000 35 97,000 3,400,000
57 2.9 20,000 58,000 1,320 22 125,000 2,750,000 31 125,000 3,900,000

*Assumed final recovery by dissolved-gas drive.

This tabulation was prepared for the sole purpose of comparing

high-pressure and low-pressure gas drive, rather than to represent

actual rates of production and gas-oil ratios to be anticipated at the

indicated stage of depletion in any particular reservoir. In an actual

reservoir the formation permeability might be much higher or much
lower than that used in the illustration, and the permeability-satura-

tion relations of the formation might be more favorable or less

favorable for displacement of oil by gas, leading to a higher or

lower degree of depletion at the time the indicated gas-oil ratios are

231



reached. However, in spite of these limitations, certain conclusions

might be permissible from the analysis. These are briefly as follows

:

1. Gas drive at low pressure will nearly always be characterized

by a low and continuously declining rate of production of oil per

well, and by gas-oil ratios that continuously increase toward mod-
erately high values.

2. Maintenance of pressure by gas drive will usually permit

much higher rates of production per well than at low pressure, will

result ultimately in very high gas-oil ratios, and will require large

injection capacity if depletion of the reservoir is to be carried to a

high percentage recovery of the oil in place.

3. Pressure maintenance will permit depletion of a reservoir

with far fewer wells than gas drive at low pressure. For example,

if, in the reservoir for which the data are tabulated, a total elapsed

time of 20 years were required to obtain the ultimate recovery from
a 40-acre lease with one well with the pressure maintained at 2,500

pounds per square inch, the same property would have to be devel-

oped with 11 producing wells in order to obtain the same ultimate

recovery within 20 years by low-pressure gas drive.

4. Pressure maintenance will usually permit the wells to flow

until abandoned, whereas gas drive at low pressure will almost

invariably require that all wells be pumped.

5. The economic limit at low pressure will often be controlled

primarily by the costs of operating the wells rather than by the costs

of gas injection. For example, if it should cost $3.00 a day for each

producing well to maintain production and $0.01 for each thousand

cubic feet for gas compression, costs for each barrel of oil at a

production rate of 2.9 barrels a day at a gas-oil ratio of 20 thousand

cubic feet a barrel would be $1.04 a barrel for well operation and

$0.20 a barrel for gas injection.

6. The economic limit at high pressure will be controlled pri-

marily by the costs of gas injection and by the recurring need for

additional investment in increased capacity for gas injection as

depletion proceeds.

7. Low-pressure gas drive cannot be economically employed

at all to recover the oil from a deep reservoir that requires high-cost

wells. It is strictly limited to shallow reservoirs of reasonably high

permeability where wells can be drilled cheaply. For example, if the

reservoir used for illustration contained 400 acres, were 5,500 feet

deep, and if a well cost $60,000 complete and connected to tanks,

then the reservoir could be developed for high-pressure gas drive
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with 10 production and 2 injection wells for a total of $720,000

for wells, plus a gas-compression plant of 40 million cubic feet a

day ultimate capacity. Development for low-pressure gas injection

would require approximately 110 producing wells and 110 injection

wells, or a total investment of $13,200,000 in wells alone in order

to obtain the same ultimate recovery within the same time. Such an

investment in wells would obviously be prohibitive. Employment of

fewer wells at low pressure would prolong the operation and increase

the operating costs.

It is reasonably apparent from these considerations that the

economic limitations of a horizontal gas drive are quite severe.

Unless a reservoir is especially suited to gas drive, and unless the

whole operation is well planned in advance and is carefully analyzed

throughout its duration, a high degree of recovery efficiency cannot

usually be anticipated. It should be noted particularly that even

though high-pressure gas drive would seem capable theoretically of

effecting reasonably high oil recovery, the continuously increasing gas

production requires almost continuous investment in new plant

capacity to obtain a continuously declining future oil production.

Eventually a stage is reached at which the anticipated future oil

production can no longer justify additional plant investment. When
the rate of production of gas reaches the installed capacity of the

plant the rate of production of oil may either be restricted to permit

continued complete gas injection, at a sacrifice, thereby, of part of

the advantage gained by pressure maintenance, or the gas produced

in excess of the plant capacity may be dissipated. If the latter course

is followed the pressure maintenance is soon ended, for dissipation

of gas from the reservoir causes an immediate and rapid decline of

reservoir pressure. If the operation is thereafter continued to a low

reservoir pressure it may become a low-pressure gas drive, and the

ultimate oil recovery may be governed by the economics of low-pres-

sure rather than high-pressure conditions. A similar result is usually

obtained if the supply of reservoir gas is used as fuel for the required

compression.

If a gas-drive operation is eventually to be carried to its eco-

nomic limit as a low-pressure gas drive it is difficult to see how the

temporary maintenance of reservoir pressure can have any material

effect on the ultimate recovery, for the ultimate oil recovery is

dependent on the condition attained just prior to or at abandonment.

The advantages, if any, of pressure maintenance as a purely inter-

mediate stage of production would appear to be confined to the

233



economic advantages that might be obtained through a higher rate of

oil withdrawal and reduced costs during a portion of the operation,

and the availability of gas from the reservoir rather than from out-

side sources for the gas drive. Under some conditions temporary

pressure maintenance ending up as a low-pressure gas drive may
make it possible, in effect, to obtain the benefit of low-pressure gas

drive with fewer wells than if the entire operation were carried out

at low pressure.

It appears that a definite advantage in the ultimate efficiency of

the oil recovery can be attributed to the high-pressure gas drive only

when the high-pressure operation can be continued at high reservoir

pressure beyond the stage of depletion ultimately attainable econom-

ically by low-pressure gas drive. Such an advantage is possible in

deeper reservoirs, where the cost of a well is such as to prohibit

intensive development for low-pressure gas drive, in reservoirs that

contain liquids with very high shrinkage, in fields where gas from a

high-pressure gas reservoir can be injected into an oil reservoir

without compression and can be marketed as it is produced with the

oil, and in reservoirs whose oil content per acre is such that a gas-

compression plant of very large capacity can be supported by the

anticipated oil production.

Whenever compression is required for high-pressure gas drive,

as it almost always is, the ultimate oil recovery obtainable is deter-

mined very largely by the size of the gas-compression plant that the

pool can support. If a pool is first completely developed with wells

and a decision is then made to employ pressure maintenance, the

incremental production of oil to be anticipated from gas injection

may not be sufficient to support a compression plant of large capacity.

However, if a decision to employ pressure maintenance were reached

at an early stage of the development it might then be possible to

employ fewer wells for development and to invest the saving in well

costs in a larger compression plant than would otherwise be justi-

fiable, thus providing means for increasing the ultimate recovery

beyond that obtainable by normal development.

Unfortunately, it has often not been realized that the higher

average rates of production made possible by pressure maintenance

permit the substitution of a gas-compression plant for a part of the

wells in a gas-injection operation. Too frequently a pool is com-

pletely developed with a particular program of well spacing before

the possible advantages of gas injection are investigated. It is then
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too late to use the savings from undrilled wells to install a large gas-

compression plant.

In many pools, gas drive has been followed by an artificial water

flood after the gas drive has become unprofitable, usually in shallow

pools where the gas drive was conducted at low pressure after deple-

tion by dissolved-gas drive. If gas drive is to be employed solely as

an intermediate recovery method in a pool that can be successfully

flooded by water to give a higher ultimate oil recovery it would

appear that the gas drive would have no merit whatsoever, since it

has no effect on the ultimate recovery finally obtained by water drive,

and it increases both the total cost and the total time required to

recover the oil.

However, in spite of the very obvious limitations, it is quite pos-

sible that pressure maintenance by gas injection can be more effec-

tively used than has usually been the case. The most urgent necessity

is a thorough analysis as early as possible after the discovery of a

pool, and the adoption of a development pattern properly designed

to obtain the maximum advantage from pressure maintenance. It

is most important that such analysis be made before too large an

investment has been made in producing wells. Furthermore, full

advantage of pressure maintenance cannot be obtained unless an

entire reservoir can be operated as a single, natural producing unit

irrespective of property lines, as is the usual practice in gas cycling.

Any analysis of a possible pressure maintenance program should

include investigation of both water injection and gas injection.

Whichever is most suitable for a particular reservoir should be

employed to the exclusion of the other, as many reservoirs do not

contain sufficient oil to support two successive operations. Although

experience in shallow pools seems to indicate that artificial water

flooding has an advantage over gas drive in many reservoirs, it is

quite possible that high-pressure gas drive with a minimum of wells

and very large compression-plant capacity can compete favorably if

patterned after gas-cycling operations.

LIMITATIONS OF PRESSURE MAINTENANCE

It should be recognized that pressure maintenance is not feasible

in all pools. Adverse reservoir characteristics sometimes impose dif-

ficulties that aggravate the economic limitations. Great variations of

formation permeability, either laterally or vertically, may cause gas

or water to flow primarily through limited sections of high perme-

ability, leaving the oil undisplaced in a large part of the formation,
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or excessively increasing the costs of injection of gas or water.

Multiple producing strata within a reservoir may also aggravate the

difficulty of control, for water or gas may advance through certain

strata more rapidly than through others. Difficulties arising from a

multiplicity of separate strata can sometimes be alleviated through

selective completion of wells within limited intervals, but even where

such an expedient is possible the total costs of the operation are

usually increased.

Adverse situations must be recognized and taken into account in

planning a pressure-maintenance operation or in reaching a decision

to employ pressure maintenance. It is not sound to presume blindly

that because pressure maintenance is successful in one pool it will

be equally successful in another. However, in spite of the many
limitations, both economic and physical, maintenance of pressure by

either gas drive or water drive can be successfully employed in many
more pools than are actually being produced with pressure mainte-

nance. The essential requirement is that the necessary factual infor-

mation be obtained for each reservoir as early as possible during its

development, in order that a proper decision may be reached promptly,

and in order that any pressure-maintenance program installed may
be designed to fit the specific characteristics of the particular reser-

voir involved.

It is important that it be clearly recognized that in any particu-

lar reservoir the degree of recovery efficiency obtainable by pressure

maintenance is in the final anlysis directly dependent on the economic

factors that limit how far the oil depletion may be carried before the

process must be discontinued. A thorough cost analysis over the

projected life of a project is just as essential as is determination of

the physical characteristics of the reservoir. Every economy in the

development or in the operation that will permit the carrying of the

operation to more complete depletion of the reservoir prior to aban-

donment will increase the ultimate oil recovery and thus will pro-

mote conservation; conversely, improper planning, or development

in such manner as will increase the total costs unnecessarily, is a

direct cause of reduced ultimate oil recovery and thus a source of

avoidable physical waste. Proper advance planning, and development

with a minimum investment in wells are especially critical when

horizontal gas drive is employed for pressure maintenance.

It is not possible to maintain the pressure in merely a portion of

a reservoir, for oil, gas, and water can migrate freely through the

producing formation from one location to another if a pressure dif-
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ference exists. Therefore, a pressure-maintenance operation is not

feasible at all unless it can be applied to an entire reservoir. Further-

more, development and operation of a reservoir with artificial pres-

sure maintenance can be done economically only if the entire reser-

voir can be operated as a single, natural physical unit with produc-

tion and injection wells so located, completed, and operated as to

obtain the most efficient displacement of oil by gas or by water.

The development and operating economies and the planning required

for successful use of artificial pressure maintenance to obtain a

high degree of recovery efficiency are all dependent on control of a

reservoir as a single unit. The employment of pressure maintenance

is therefore contingent on the feasibility of operating a reservoir as

a single unit, either through planned cooperative action on the part

of all owners or through unitized control.

OIL MIGRATION CAUSED BY PRESSURE
MAINTENANCE

Whenever reservoir pressure is maintained by either a natural

or an artificial water drive, oil is forced to migrate from one part

of a reservoir to another. The direction of this movement is usually

from the edge toward the structurally higher portions, or from the

area underlain by water toward the region most remote from the

water.

From the standpoint of recovery efficiency this forced migration

of oil is absolutely essential and cannot be avoided. As was shown
in earlier chapters, it is a vital element of the recovery process. It

is obvious, however, that, to the extent that the ownership of a pool

may be divided among a number of separate owners, oil may be

transferred by this process from beneath the land of one owner to

a new location beneath the land of another. Some owners may suf-

fer loss through adverse drainage, and others may profit through

receiving the benefits of the drainage.

If a pool is developed by uniformly spaced wells covering the

entire area, and if all of the wells are produced, oil is produced from
each of the properties, but the recovery comes selectively from the

portion of the reservoir invaded by water, and depletion of the oil

takes place only beneath those properties underlain by water. The
effects of this situation are well illustrated in the East Texas field.

The western portion of this pool was originally underlain by water,

and the direction of movement of the water is from west to east.

Under strict regulation of the rate of production by the Railroad
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Commission of Texas (the administrative agency for the oil and
gas conservation statutes), and through injection of 90% of the

water produced with the oil, the reservoir pressure in this field has

been continuously maintained by natural water drive above the sat-

uration pressure of the reservoir oil except in minor areas near the

eastern edge, where the producing sand becomes shaly and disap-

pears. For all practical purposes, every barrel of oil produced from
this field has been and is currently being replaced by a barrel of

water influx. Properties located in the eastern one-third of the field

are not yet underlain by water and still retain their original oil

content, even though the pool has produced over 2 billion barrels

of oil and even though those properties have been producing oil for

20 years. The oil produced from the properties in the eastern

part of the field has been replaced by subsurface migration of oil

from the portion of the reservoir invaded by water.

This condition is recognized by operators in water-drive pools

and has led to the concept of "structural advantage," in recognition

of the advantage that accrues to the owner whose property is so sit-

uated as to receive the benefit of oil migration.

The amount of drainage suffered by one property and gained by

another is dependent to a great extent on the shape of the reservoir,

the dip of the formation, the continuity of permeability, the area

underlain by water, and the relative rates of production of wells in

various locations. When the entire oil accumulation is underlain

by water, drainage from one property to another may be very slight.

It is even possible under some circumstances for the outermost prop-

erties to benefit by drainage from those more centrally located.

The degree to which migration of oil may affect the ultimate

recoveries from various properties is illustrated in Figure 15. In this

illustration it is assumed that the pool is divided into 20-acre tracts,

each with a centrally located well, that each well produces at the

same rate, that the permeability of the formation is uniform in all

directions, and that the rate of production is so restricted that the

reservoir pressure is maintained, that water advances uniformly

with a horizontal surface, and that the displacement of oil is com-

pleted at the moving water-oil interface. The following tabulation

compares the calculated resultant recoveries with the amounts of

recoverable oil originally underlying the various tracts.

Under the conditions assumed tract a recovers only 14% oi its

recoverable oil originally in place, but tract g produces over 4 times

as much oil as it originally contained.
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Fig. 15—Effect of Water Drive on Oil Migration
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Recoverable Oil Ultimate Oil

in Place Produced

50,000 7,000
100,000 24,000
100,000 44,000
100,000 69,000
100,000 102,000
100,000 152,000
50,000 202,000

TABLE 15

Effect of Migration on Relative Oil Recoveries of Various Properties (Fig. 15)

Tract

a
b
c

d
e

f

g

Total 600,000 600,000

It is readily apparent that if, instead of producing at the same

rate as all other wells, the wells located on those tracts that are being

drained were produced at higher rates than other wells the amount
of adverse drainage would be reduced. However, in many cases it

would not be possible to prevent all adverse drainage except by clos-

ing in wells remote from the water, or by allowing wells near the

water to be produced at greatly disproportionate rates. Excessive

concentration of oil withdrawals in close proximity to the advancing

water would cause irregular water invasion, would lead to reduced

flushing efficiency, and, in the extreme, would cause rapid drowning

out of the near-by wells, which would defeat the purpose.

All of these considerations often make it extremely difficult to

arrive at an equitable distribution of the oil production in a pool

produced by water drive. When the rate of production of oil is

restricted by state regulation to prevent waste and the allowed pro-

duction is allocated among the various properties according to some
formula the difficulties of arriving at a reasonably fair system of

allocation are very great.

The migration and drainage that take place within a reservoir

under water drive are not the result of inherent characteristics of

a reservoir or a natural consequence of oil production, but are caused

by the process employed. Both the direction and the extent of drain-

age from one property to another would be different if, instead of

water drive, dissolved-gas drive or gas-cap drive were employed to

recover the oil in the same reservoir.

For example, if, in the reservoir illustrated in Figure 15, gas

were injected into the crest of the structure to create a gas cap, and

the reservoir were produced under pressure maintenance by gas-

cap drive, the operation under properly controlled conditions might

be just as efficient as if water drive were employed, but oil would
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drain from tract g to tract a. What was formerly a favorable struc-

tural location would become unfavorable, and what was formerly an

unfortunate location would be a fortunate one. The relative recov-

eries of tracts g and a would again be disproportionate, the former

producing far less than its oil in place, and the latter far more.

Thus, favorable and unfavorable locations refer not so much
to structural position as to the relation of structural position to the

mechanism employed to recover the oil from a particular reservoir.

To the extent that the dominant recovery mechanism is fixed by the

natural response of a reservoir to the operating controls forced by

state regulations, the effects of structural position cannot be avoided

insofar as a particular owner is concerned. The situation is quite

different, however, when the dominant recovery mechanism is not

fixed by a natural reaction of the reservoir to administrative regu-

lation but is a free and deliberate choice exercised by the operators

themselves. When the choice is deliberate, as it always is when gas

or water is injected to create an artificial gas-cap drive or water

drive, the resultant migration and drainage of oil are just as essen-

tial to efficient ultimate recovery, but the increased ultimate recovery

that results from the injection may accrue predominantly to only a

part of the properties.

For example, if, in the reservoir illustrated in Figure 15, water

were injected into the lower edge below the oil to create an arti-

ficial water drive, oil would be driven from tracts a, b, c, and d, and

tract g would receive ultimately the most benefit. Since tracts sit-

uated similarly to tract a are the only locations suitable for injection

of water, the owners of those tracts are the only ones who could

inject water to create a water drive. It is illogical to assume that they

would deliberately choose to inject water to drive oil from their own
properties to benefit the owner of tract g. Conversely, the only struc-

tural location suitable for gas injection is within tract g or similarly

situated tracts, but it is also illogical to assume that the owner of

tract g would deliberately inject gas to drive oil from his property

for the benefit of tract a. Thus, an impasse is reached wherein it

becomes impractical for the producers to act individually to carry

on those operations that may be required to obtain efficient oil recov-

ery, unless they can reach some agreement for sharing the benefits.

It seems fairly obvious that efficient operation of an entire pool

cannot be obtained unless some method can be developed whereby
the individual producers can jointly, or in cooperation with each

other, pursue a common objective and carry out the particular single
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method of operation best designed to recover economically the high-

est possible ultimate recovery from each individual reservoir. Since

efficient recovery always requires use of a single dominant displace-

ment process, and since the displacement is always accompanied by

migration of oil within the reservoir, the basic problem is how to

remove the conflict between the ultimate gain in total recovery on

the one hand, and on the other the disproportionate distribution of

the total among the various owners, with actual loss to some.

The obvious remedy for this situation is for the property own-
ers and lessees jointly to agree on the proper method of exploitation

of a reservoir to obtain the maximum ultimate total recovery, and

to partition the total recovery according to some agreed fair basis

so that each shares equitably in the resultant gain. Such a pooling of

interests to pursue a common objective in the operation of an entire

reservoir is commonly called a unit-operation program or unitiza-

tion. Unit operations have been adopted with spectacular success in

a number of pools.

Part Two . . . GAS RESERVOIRS

Gas reservoirs differ in no respect from oil reservoirs except in

the nature of the reservoir fluid. The great expansibility of gas

makes efficient recovery of gas no problem, for almost all of the

gas may be recovered from a reservoir by simply allowing the com-

pressed reservoir gas to flow into a well until the reservoir pressure

is exhausted.

Since pressure maintenance is not required for the efficient recov-

ery of gas, there is no real need to maintain pressure in a dry gas

reservoir or in a reservoir containing wet gas of such character that

it cannot condense within the reservoir. It is only when a reservoir

contains condensate, which, as explained in Chapter IV, is vaporized

oil held in the gas phase by high pressure, that pressure maintenance

may be required, not to recover the gas, but to recover the vaporized

crude oil. If the nature of the reservoir gas is such that pressure

maintenance is required for efficient condensate recovery, the pres-

sure may be maintained by a natural water drive if the physical

character of the producing formation is suitable, or the pressure may
be maintained by injection of dry gas. The latter operation is known
as cycling.
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Even though pressure maintenance is a gas reservoir may not

be required for efficient recovery, there are sometimes certain eco-

nomic advantages to maintaining pressure by either natural water

drive or a cycling operation.

PRESSURE MAINTENANCE BY WATER DRIVE

The physical requirements for maintenance of pressure by nat-

ural water drive are exactly the same for a gas reservoir as for an

oil reservoir. The producing formation must be continuously perme-

able over a great distance, and there must be available an extensive

aquifer to supply the water. Provided the formation characteristics

are suitable the reservoir pressure may be maintained at any selected

level below the original by appropriate restriction of the rate of gas

withdrawal.

There are two economic considerations that under some cir-

cumstances make it advisable to use an available natural water drive

to maintain the pressure in a dry gas reservoir. One is to maintain

the productive capacity of the wells, the other is to deliver the gas

at high wellhead pressure.

The productive capacity of a gas well declines very rapidly

as the reservoir pressure is reduced. In order to reduce a reservoir

to a very low abandonment pressure there must be a prolonged opera-

tion unless the formation permeability is high. For example, the

open-flow capacity of a dry gas well in a reservoir initially at 2,000

pounds per square inch would decline to approximately one-fourth

its initial value at a reservoir pressure of 1,000 pounds per square

inch, and to only 1% of its initial value at a reservoir pressure

of 200 pounds per square inch. The reason for this is that the

capacity of a gas well is proportional not to the reservoir pressure

but to the square of the reservoir pressure. If the original open-

flow capacity of a well were of the order of 100 million cubic

feet of gas a day at 2,000 pounds per square inch reservoir pressure

this decline would not be of too much concern, for the well could

still produce one million cubic feet a day at a reservoir pressure of

200 pounds per square inch. However, if the original open-flow

capacity were only 5 million cubic feet a day the capacity would
decline to around 50 thousand cubic feet a day at 200 pounds per

square inch reservoir pressure.

Under some circumstances the use of a natural water drive to

support the productive capacity of wells may permit more economic

development of a reservoir and may facilitate processing and market-
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ing of the produced gas. The resultant economies may even make it

possible in some pools to recover by water drive a higher percentage

of the gas before the economic limit of the operation is reached than

would be the case with depletion of the pressure.

Maintenance of reservoir pressure by water drive is also suitable

for recovery of condensate. If the physical characteristics of the pro-

ducing formation are such that the reservoir pressure can be main-

tained at a high level by water influx at a reasonable rate of gas

withdrawal, most of the condensate can be kept in the vapor phase

in the reservoir and can be recovered from the produced gas at the

surface. The advantage of water drive over cycling for condensate

recovery is that it permits the withdrawal and marketing of gas

concurrently with the recovery of condensate. In a cycling operation

the withdrawal of gas must be deferred until after the condensate

has been recovered.

Effect of Water Drive on Gas Migration and Drainage

If the pressure in a gas reservoir is maintained by water drive

the volume of water influx is substantially equal to the reservoir

volume of gas withdrawn. Migration of gas from one portion of the

reservoir to another is an essential part of the process, just as is

migration of oil when the pressure of an oil reservoir is main-

tained by water drive. The water forces gas from beneath one prop-

erty to a new location beneath another, changing the relative recov-

eries of gas from wells on different properties. The situation is sim-

ilar in all respects to that encountered in oil reservoirs.

Even though there may be no deliberate intent to maintain pres-

sure by water drive, the nature of the producing formation may be

such that water will naturally invade the reservoir in response to

the pressure decline caused by the withdrawal of gas. If a natural

water drive is unavoidable, as it often is, then it is just as necessary

to use proper reservoir controls to obtain a high degree of flushing

efficiency as is the case when water drive is the deliberately chosen

method of operation.

CYCLING

Reasons for Cycling

Cycling may be employed for any of several reasons. In some

areas, particularly in the southwestern part of the United States,

markets for gas have until quite recently been inadequate to pro-

vide an outlet for many gas pools, and the low price offered for gas
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at the well has discouraged sales. Under these circumstances, cycling

is often resorted to in order to obtain a revenue currently from the

recovery of liquid products until such time as it is possible or advis-

able to withdraw gas for sale.

Sometimes a large reserve of wet gas or condensate comprises

the gas cap of an oil reservoir, and withdrawal of free gas would
jeopardize the recovery of oil. Cycling may be employed to obtain

revenue from the gas properties until such time as the recovery of

oil is complete and gas withdrawals may be permitted.

In high-pressure reservoirs in which the gas contains a large

proportion of heavier hydrocarbons that may condense within the

reservoir if the reservoir pressure is reduced by the production of

gas, cycling is employed to recover these materials by displacing

them from the reservoir in the vapor phase at high pressure. The

injected dry gas maintains the reservoir pressure and thereby pre-

vents the condensation of liquid within the reservoir.

Cycling in this type of reservoir is sometimes essential to effici-

ent recovery of the heavier hydrocarbons contained in the gas. The

concentration of these materials even in a rich gas is such that when

condensed to liquid in the reservoir they fill only a very small frac-

tion of the pore space. Unless they can be displaced while in the gas

phase they cannot be recovered at all.

It should be noted that, regardless of the reason for cycling, and

whether or not cycling is actually required for efficient condensate

recovery, it is, nevertheless, an operation that conserves natural gas,

for the gas is not consumed in the process except to a minor extent.

The bulk of the gas is retained in the reservoir until such time as it

may be profitably withdrawn for market.

Factors Affecting Recovery

The process of cycling does not result in complete displacement

of wet gas from a reservoir ; in fact, unless the characteristics of the

formation are suitable for cycling the process may yield very low

displacement. The basic limitations are largely geometric. At least

two wells are required : one for injection of dry gas and one for

production of wet gas. It is obvious from elementary considerations

that at least a part of the injected dry gas will flow from the injec-

tion wells to the production wells by the most direct available paths,

displacing only that gas immediately ahead of it. As soon as dry
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gas reaches a producing well it is produced along with the wet gas,

dilutes it, and reduces the surface yield of condensate. Eventually

the point is reached at which the wells produce mostly dry gas and

the condensate yield is no longer sufficient to support continued

operation.

It is apparent that if a high degree of recovery of condensate

is to be obtained by cycling it is necessary to postpone as long as

possible the invasion of producing wells by the injected dry gas so

that as much wet gas as possible may be displaced from the reservoir

before the production of dry gas becomes excessive. It is quite

obvious that separation of the production wells and the injection

wells by the greatest possible distance would be a step in the right

direction. A great deal of thought has been given to the question of

how best to locate the production and injection wells.

Sweep Patterns

One of the ways by which to determine the most effective well

pattern for a cycling operation is by the use of electric models. Various

types of models have been used ; in some, the area swept out by dry

gas in each stratum is determined directly by a color change that

takes place in an electrolyte ; in others, the progressive travel of the

dry gas through a stratum and the area invaded by dry gas at any

stage of depletion are determined from electric potential gradients.

These methods have been used extensively and now are considered

essential to the proper planning of a cycling operation. Such models

are also used to control a cycling operation to obtain the utmost dis-

placement efficiency ; when dry gas first begins to appear in produc-

ing wells the swept areas are determined and the model is used to

determine the adjustments of injection rates required to enlarge the

swept areas.

Such models have shown that the sweep efficiency is quite depend-

ent on the well pattern. If an improper pattern is used less than

75% of the area of a reservoir may be swept by dry gas before the

production of dry gas becomes excessive. On the other hand, with

properly located injection wells and production wells the sweep

efficiency may be increased to as high as 90% or more. Experience

has indicated that the most effective sweep patterns are usually

obtained by locating the production wells at one end of a reservoir

and the injection wells at the other.
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Flushing Efficiency

The other important factor that controls the recovery in a cycling-

operation is the flushing efficiency obtained in the swept areas. Since

the injected dry gas and the wet gas being displaced are completely

miscible, there is no residual saturation of wet gas left behind in

the manner of residual gas or oil left in pore space flushed by water.

Nevertheless, subsurface formations vary in texture and permeabil-

ity. The advancing dry gas will naturally tend to flow preferentially

through the most permeable available channels and to detour around

or only partially invade sections of reduced permeability, leaving

their wet gas intact or displacing only a portion of it. In a formation

with extreme variations of permeability the over-all flushing-

efficiency may be quite low. There is nothing an operator can do to

cause efficient flushing in a formation with adverse physical char-

acteristics. For this reason, cycling is suitable only in reservoirs that

have favorable formation characteristics. For a high degree of recov-

ery of condensate by cycling the formation must be continuous and

must have reasonably uniform permeability.

Need for Operation of Reservoir as a Single Unit

Since the most successful cycling requires that the production

and injection wells be located in the most advantageous positions

with regard to the geometry of a reservoir rather than with regard

to individual property lines, and since cycling cannot even be carried

on at all with one well, an efficient cycling operation requires that

an entire reservoir be operated as a single producing unit. Cycling

cannot be carried on efficiently in part of a reservoir if gas is being

withdrawn concurrently in another part.

Furthermore, as in the case of all other pressure-maintenance

operations, cycling- involves a displacement of reservoir fluids from

one portion of a reservoir to another. If the injection wells are

located at the opposite end of a reservoir from the production wells,

wet gas is first displaced from the immediate vicinity of the injec-

tion wells and, thereafter, progressively from all intervening areas.

It is obvious that such operations cannot be carried out with maxi-

mum efficiency in reservoirs that underlie a number of separately

owned tracts unless the various owners pool their interests to carry

out the operation jointly. Accordingly, unit operation of gas reser-

voirs for the purpose of cycling has become common practice.
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Chapter IX

CONSERVATION AND STATE
REGULATION

DEVELOPMENT OF CONSERVATION

Wasteful Practices Prior to Conservation*

Control of production rate, preservation of gas caps, injection

of gas and water, pressure maintenance, cycling, and the many
auxiliary controls now employed to recover oil and gas efficiently

have not always been in use. Oil and gas were produced for many
years before such techniques were even thought of. They were sim-

ply produced by the direct process of drilling wells and producing

them wide open. The objective of each producer was to drill his

wells as fast as possible and to produce as much oil as possible before

the pool could become exhausted. It was always a race against time

and against the other fellow.

Surface waste was evident enough in the enormous volumes of

gas that were blown to the air and in the oil that sprayed over the

countryside from the top of a derrick. Under the conditions then

existing, oil could not be retained in the ground but had to be

produced. Over-production periodically flooded the market, dras-

tically depressed prices, and brought about conditions of near chaos

in the industry. The rapid production and resultant waste raised fears

that our oil resources were in grave danger of being completely dis-

sipated by wasteful practices.

Conditions Formerly Causing Waste

The root of the difficulty lay in the inevitable result of the com-

bination of two seemingly innocuous factors. One of these was a

rule of law popularly known as the rule of capture. According to

this doctrine, which had been established by the courts in an early

day, the owner of a well was recognized as the owner of the oil

and gas that issue at the surface through his well, even though the

oil and gas were drained from lands of his neighbors. This doctrine

was obviously a simple rule of convenience, and one of the courts

that applied it in an early case declared that a better knowledge of
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the facts would doubtless lead to the application of a better rule of

adjusting and protecting property rights. The rule of capture merely

quieted title to produced oil and gas by affirming that reduction to

possession constituted ownership. It was adopted at a time when
little was known of the underground character and behavior of

petroleum, when it was utterly impossible to determine the ultimate

source of the oil and gas produced by a well. Even today, specific

identification of the original underground abode of each barrel of

oil or cubic foot of gas produced by a well would be impractical.

The other part of the combination was the migratory or fuga-

cious nature of petroleum. Even though little was known of their

quantitative behavior, and although fluid mechanics as now applied

was yet to be heard of, it was very well known that oil and gas were

fluid substances that could and did flow from one underground loca-

tion to another when a well was produced.

When the known fluid nature of petroleum was combined with

the rule of capture there could be but one result. Once a reservoir

had been discovered and oil was produced, the owner of the discov-

ery well would own all of the oil he could produce and recover

regardless of whether it came from beneath his own property or

drained from beneath the land of his neighbors. An adjacent land-

owner had no recourse. If oil and gas underlay his property they

would escape to his neighbor unless he reduced them to possession

beforehand by drilling wells on his own property. Self-protection

forced each owner of a tract of ground overlying an oil pool to drill

quickly as many wells as he could and to produce each well at its

utmost capacity. If he could not market his oil as quickly as it was

produced, he was forced to provide surface storage, in a dammed
creek or earthen pit if necessary, for only after his oil was at the

surface could he call it his own and be assured of its possession. The
gas produced with the oil was often flared or blown to the air.

The inevitable result is obvious. There was a tendency to deplete

each pool as fast as it was physically possible for the wells to pro-

duce the oil. Drilling was continued until the declining production

of old wells indicated that a new well would not recover its cost.

This resulted in very close spacing of wells in rich pools and wider

spacing in pools of lower yield. The density of drilling bore no rela-

tion to the number of wells actually required to recover the oil, and

tremendous waste in the form of unnecessary development costs

resulted.

It was obvious to many that this situation was not in the public
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interest, was of no advantage to the oil industry, and provided a

poor and risky basis on which to depend for oil for a growing indus-

trial economy, let alone possible national emergencies, should such

ever arise. It was equally obvious that individual landowners

and lessees were powerless to correct the situation, for if they

refrained from drilling, or restricted the output of their wells the

only result would be loss of some of their recoverable oil through

subsurface drainage to others. It seemed highly questionable that

concerted action to restrict production could be obtained through

voluntary agreement by all the producers in a pool, or that if such

action were taken it would be legal.

Evolution of Regulation

Common recognition of the evils existing and of the basic

causes of. the waste obviously taking place by no means indicated

common agreement as to the appropriate remedies required. Many
recognized that waste stemmed from wide-open production and that

in order to achieve conservation it would be necessary to control pro-

duction in some manner. However, even among those who most

ardently supported conservation, bitter controversies arose over the

best approach to restriction, whether it should be achieved solely

through voluntary cooperative action by the producers, or whether

it should be compelled through state or federal action. The growth

of the conservation movement, and some of the controversies are

reviewed in the interesting book Antitrust Laws, et. al. v. Unit

Operation of Oil or Gas Pools, written for the A.I.M.E. by Mr.

Robert E. Hardwicke as a companion to this volume. The problems

and their basic causes are ably summarized in the reports of the

Federal Oil Conservation Board, created in 1924 by President Calvin

Coolidge.

In spite of the many difficulties, control of production was initi-

ated by the producers in several pools, primarily to prevent surface

waste. It soon became evident that the waste that had been occurring

underground often exceeded that visible at the surface. The results

of research and of technical studies in these controlled pools as well

as in uncontrolled pools demonstrated that proper control of produc-

tion could substantially improve recoveries. Such conclusions were

corroborated by the increase in production being obtained through

secondary-recovery operations in some semi-depleted pools.

More and more producers began to recognize that it was to their

interest to adopt conservation practices, and that cooperative action
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was needed in order to exploit effectively the rapidly developing

technical knowledge. It was apparent, however, that such action was

difficult to achieve without some kind of conservation legislation.

Furthermore, there were ''rugged individualists" who vigorously pro-

tested and actively opposed every restrictive proposal. These difficul-

ties led finally to a recognition that the adoption of efficient recov-

ery practices would be greatly facilitated by the enactment of state

conservation laws.

There has evolved from this background a system of conserva-

tion consisting in the technologic control of production operations.

In some areas it has developed primarily through voluntary adop-

tion of improved recovery practices by the producers. However, in

most of the important oil-producing states this conservation system

now operates through state regulation based on statutes defining

and prohibiting waste, and is administered by state agencies through

appropriate rules and regulations. The legal history of this develop-

ment up to 1948 has been thoroughly reviewed in Legal History

of Conservation of Oil and Gas, A Symposium and Conservation

of Oil and Gas, A Legal History—1948, published by the Section

of Mineral Law, American Bar Association.

Since the major portion of the oil and gas currently produced

in the United States comes from states having effective conserva-

tion statutes, the conservation system that has finally developed may
be considered, for the most part, to be one wherein the police power

of the state is exercised to prevent waste. Under this system the rate

of production is controlled, and adherence to sound recovery prac-

tices is required.

Another function of state regulation that is of slightly less

importance than the prevention of physical waste—and indeed is on

occasions necessary in order to prevent physical waste—is the rec-

ognition and protection of correlative rights of the various producers

and royalty holders. Since it is usually necessary to limit production

in order to prevent waste, it is important that the allowable produc-

tion within a field or pool be so distributed among the various oper-

ators as to prevent, so far as is practicable, one from obtaining an

advantage over another. The allowable production within the state

should be so distributed among fields as to treat all concerned with

equal consideration. It would be unjust to permit the owners of one

field to reap an undue advantage as compared with the owners of

another field. Therefore, in states with modern conservation statutes

the protection of correlative rights both within fields and among
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fields is considered to be of great importance, and is based upon the

proper and impartial exercise of the state's police power.

The system of conservation that now exists did not spring into

being fully developed; it was born with great difficulty. Order did

not develop from chaos spontaneously ; it was brought about through

great effort, often great sacrifice. Its development called for much
foresight and wisdom. It exacted change of firmly rooted habits and

long-established customs. It demanded the yielding of certain pre-

sumed rights and the overcoming of greed. Time, patience, and sys-

tematic and continuous effort were required on the part of many
people cooperating to reach a common goal. The system is continu-

ing to evolve, to progress, and to change as new technical informa-

tion is developed, as improved administrative procedures are adopted,

and as a better understanding of the requirements is obtained.

The system is not perfect, and there is yet a long way to go before

efficient recovery of oil and gas is obtained from every pool. There

are still difficulties, some rooted in the past, others because technical

developments have proceeded more rapidly than they could become

universally understood, appreciated, and adopted. Basic problems still

exist that will require the utmost cooperation to overcome. Some
oil-producing states have not yet exercised their authority by taking

the necessary steps to require the conservation of their petroleum

resources. Wide-open production and excessive drilling on small

tracts are still occasionally found. Even among those states that take

great pride in their conservation achievements, practices vary, and

pools are found in which substantial improvement could be made in

recovery efficiency.

Accomplishments Under Conservation

In spite of its imperfections, the system of conservation that

has been developed has much to its credit. It has made possible an

increase of liquid hydrocarbon reserves since 1930 from less than

10 billion barrels, in continuous danger of wasteful dissipation, to

over 29 billion barrels of proved and protected reserves at the end

of 1950. It has made possible in twenty years an increase in

production from an uncertain supply of 2^/z million barrels of

oil a day to an assured supply of over 6 million barrels a day

with a reserve producing capacity estimated to be over 400,000 bar-

rels a day.* Particularly notable was the production increase made

*Source: Interstate Oil Compact Commission, Compact Comments Vol. 6,

No. 5, May 1951.
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possible during World War II by the backlog of proved reserves and

productive capacity in those states where effective conservation was

practiced.

The excessively wasteful drilling of wells, the venting of enor-

mous volumes of gas, the uncertain and chronically ailing state of

the petroleum industry that characterized the earlier period have

been substantially eliminated.

There has grown to maturity in this environment a vigorous,

stable, and competitive petroleum industry. In many areas, state

regulation, by imposing restraint and providing the rules, did for

the individual producers of oil what they, in the absence of rules,

were unable to do for themselves. The industry, in turn, was thereby

enabled to proceed with the technical developments that have led

to more effective exploration, to exploitation of deeper and deeper

pools, and to recovery efficiencies previously unobtainable. This

mutually complementary relationship has been highly successful. The
industry has proved through experience its ability to advance and

to improve, and state regulation has proved to be sufficiently flexi-

ble to encourage technologic developments.

The public has a great and continuing interest in the preserva-

tion and further development of this system of conservation. Its

immediately apparent benefits have included not only assurance of a

stable supply of petroleum, in which every citizen has a stake, but

consumers have been protected through the development of a supply

adequate to meet present needs at a moderate price. The oil-producing

areas have been specifically benefited in many ways. Stable and attrac-

tive communities with schools, libraries, churches, parks, and perma-

nent populations deriving their support directly or indirectly from

the steady income provided by oil and gas pools whose capacity to

produce is sustained for a generation or more have replaced the

boom towns with their shanties erected by the transients formerly

attracted to each new oil discovery. Steady tax revenues to both

local and state governments have supported public institutions and

highways. The permanent employment and stability of income to

both private individuals and local governments have permitted long-

range planning and the development of a healthful environment in

which to develop good citizens.

Relation to Future Supply

It has been shown in Chapter II that the economy of the United

States today is very greatly dependent on petroleum. Oil and gas
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together supply more than half of our total present fuel consump-

tion. Automobiles, aircraft, railroads, ships, industrial consumers,

and homes are using oil and gas at a continuously growing rate. It

was also shown that the United States is today consuming its oil

reserves at a substantially higher rate than the rest of the world.

Although our present proved reserves are such as to give no cause

for alarm, our continuously growing dependence on petroleum

demands that we give serious thought to the future and not confine

our attention to past accomplishments.

When viewed with an eye to the future, there stand out in

greater prominence among the accomplishments two previously men-
tioned factors of dominant importance

:

1. The development of a vigorous petroleum industry, and

2. Technical advances, which, if properly exploited, can greatly

increase the ultimate recovery of oil from existing pools and those

to be discovered. On both of these the future supply is dependent.

The petroleum industry, like any other in a free and competitive

economy, must be operated along sound business lines to yield a

profit. If for any extended period it were unable to do so, the adverse

effects would be felt throughout our entire economy. It is important

to remember that the continuity of supply and the future supply of

petroleum and its products are directly dependent on a sufficient

return by the petroleum industry from its operations currently and

in the future to maintain and perpetuate itself as a business enter-

prise.

The soundness of the petroleum industry concerns not the state

of a single large enterprise, but the individual health of its thou-

sands of independent component parts. These individual parts are

the large and small producers, the integrated and minor oil com-

panies, the independent producers, transporters, refiners, and mar-

keters. The auxiliary, but inactive, participants are the landowners

or royalty owners, from whose property the oil and gas are produced.

All have a direct and vital concern in the supply of petroleum and,

hence, in the soundness of the industry. The fact that all compo-

nents of the industry have prospered under conservation is what

has made the system effective. It has demonstrated that conserva-

tion provides both an incentive and a commensurate return.

What may perhaps prove ultimately to be the greatest contribu-

tion of regulation is that through orderly development and controlled

production an opportunity has been afforded to observe the behavior

of oil and gas reservoirs, to determine and analyze the recovery
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mechanisms, and to develop therefrom new concepts and new stand-

ards of efficiency, together with the technical advancement required

to apply them to the more complete recovery of oil and gas. During

the twenty-odd years of growth of the present conservation system

there has taken place a complete revolution in the practices of oil

recovery. To a large extent, state regulation has kept pace with this

progress. Regulations now considered necessary and commonplace

would have been resisted as fantastic as late as the early 1930's, and

probably would have been struck down by the courts as constituting

an unreasonable interference with the rights of property owners.

In the light of this progress it is now possible to appraise objec-

tively, free from the tensions and emotions of a more chaotic period,

not only the accomplishments but, also, from twenty years' experi-

ence, the deficiencies and limitations of regulation. The undertaking

of such an analysis does not imply that state regulation as an integral

part of conservation is outmoded and should now be junked in favor

of something new and better. Rather, it is a tribute to a proved and

workable approach that has been effective largely because of its flexi-

bility and adaptability to progress. Frank inspection of the specific

difficulties and their causes, in order that roadblocks to progress may
be removed, is the method that has been relied upon in the past and

should be relied upon in the future to stimulate improvement.

OBJECTIVES AND REQUIREMENTS

The immediate objective of the conservation system is to pre-

vent the waste of oil and gas. Subject to the reasonable necessities

for the prevention of waste, any regulation should, at the same time,

afford each owner a reasonable opportunity to obtain a fair share of

the production from a pool.

The first important regulation by the states struck directly at

the root of what was then the principal cause of waste—wide-open

or unrestricted production. This action immediately raised two
questions

:

1. How to distribute the total permitted production among the

various pools within a state, and
2. How to allocate among the various owners within a pool the

total production allowed to that pool.

The intervention of the state removed or at least restricted the

freedom of each owner to protect his own property against adverse

drainage, and made it necessary for the state to provide new rules or

regulations under which, with the changed conditions, the individual
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owners could recover their oil. Since there was no longer the unre-

stricted right to drill and produce, some standard of property

rights had to be developed, and means had to be devised whereby

each owner would still have a fair and equal chance along with

others in the same pool to share in the allowed production.

The problem was studied by a number of groups, and in 1931

the Board of Directors of the American Petroleum Institute issued

a declaration of policy,* which stated ".
. . . that it endorses, and

believes the petroleum industry endorses, the principle that each owner

of the surface is entitled only to his equitable and ratable share of

the recoverable oil and gas energy in the common pool in the pro-

portion which the recoverable reserves underlying his land bear to

the recoverable reserves in the pool."

This new concept was somewhat more specifically stated in 1942

by the A.P.I. Special Study Committee on Well Spacing and Alloca-

tion of Production in Standards of Allocation of Oil Production

Within Pools and Among Pools as follows

:

"The principles governing allocation within a pool are:

a. Physical waste should be prevented.

b. Within reasonable limits each operator should have an op-

portunity equal to that afforded other operators to recover

the equivalent of the amount of recoverable oil underlying his

property. The aim should be to prevent reasonably avoidable

drainage of oil and gas across property lines that is not offset

by counter drainage."

The conservation statutes of a number of states so provide, in

substance, and there are court decisions declaring that such prin-

ciples are controlling.

The statement of a principle is far easier than its attainment in

practice. It would seem that for all practical purposes recognition of

the right of each owner to receive under regulation the same oppor-

tunity as is afforded all other owners to recover his fair share of the

oil and gas in a common pool, coupled with a definition of fair share

in terms of the relative amount of recoverable oil underlying each

property, would suffice as the basis of a sound and acceptable system

of allocation. Unfortunately, the attainment of the indicated end

result is sometimes in direct conflict with the steps that must be

taken in order to prevent waste. It is in this conflict that the greatest

difficulty still lies.

^Section 1, Proceedings of the Twelfth Annual Meeting,Amer. Petr. Inst. (1930).

256



Other problems and conflicts also arose when the states began

to impose regulations. Administrative procedures had to be devel-

oped, and rules and regulations had to be provided governing the

drilling, spacing, and manner of completion of wells. Methods of

policing had to be established, and forms and records devised. In

addition to the problems that were immediately encountered when
state regulation was first invoked, each new recovery technique that

has since been developed either has brought with it new problems or

has aggravated old ones. It is only natural that mistakes were made,

but, in the main, successful solutions reasonably satisfactory to

all concerned have been found and adopted.

SPECIAL PROBLEMS AND DIFFICULTIES

There still remain some special difficulties, all of which have, in

effect, a common root. Their origin is the fact that in any oil or

gas pool any withdrawal on any property, or any act that affects the

state of the oil and gas under any property, affects the underground

conditions and the amount of oil and gas ultimately recoverable

from every other property in the same pool. Whether the production

be regulated or unregulated, the voluntary, permitted, or required

actions of any one producer are his neighbors' concern as well as

his own. The administrative complexities of preventing waste through

regulation of the acts of individual producers while seeking simul-

taneously to balance the possible effects, both favorable and adverse,

on all other producers are very great.

Oil Migration and Structural Advantage

Before regulation, each owner could attempt to protect himself

by drilling offset wells, and closely drilled spots tended to exhaust

themselves in a relatively short time. Under regulation, conditions

were stabilized, and it was soon recognized that restrictions on drill-

ing and production did not stop the underground migration of oil

and gas from one property to another but tended to perpetuate it

and even to increase it in some pools. It was quickly perceived that

in many instances properties located in certain positions on struc-

ture would drain oil from others, and the difficult question arose of

whether structural advantage was an advantage inherent in the loca-

tion of his property that an owner was entitled to exploit over and
above his presumed right to recover in proportion to the recoverable

oil originally underlying his property.
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This difficult question was studied by both the Special Study

Committee on Well Spacing and Allocation of Production (API)
and its Legal Advisory Committee. On page 46 of their joint report

Standards of Allocation of Oil Production Within Pools and Among
Pools, published in booklet form (1942), appears the following

statement

:

The producing life of a property depends partly upon
structural position and its effect on regional migration, espe-

cially where there is an active water drive or an expanding

gas cap; and this life can be made relatively long or short, and
the ultimate recovery can be made high or low, as compared
to other properties in the field, by the method of allocation.

Clearly, then, structural position must be taken into account

because of its effect upon ultimate recovery and drainage.

What must be done in any particular field depends upon the

conditions in that field. For instance, properties which, be-

cause of structural position and regional migration, would
not have the opportunity to produce the amount of recover-

able oil originally in place if the pool allowable should be

based upon relative reserves, should be given higher allow-

ables than the properties which, because of the restriction on

the pool allowable, are benefited by regional migration. These

last-mentioned properties, in the absence of restriction on the

pool allowable, would not, as a rule, be favorably situated;

therefore, in most instances, it may be said that, if they have
a favorable producing position, it is because of the restric-

tion in the allowable of the pool, and the method of allo-

cation, not because of any inherent advantage existing in

nature. The problem is to give high enough allowables to the

properties subject to adverse regional drainage so that they

will have a reasonable opportunity to recover their recoverable

oil without waste, and at the same time not to restrict unduly

the properties favored by regional drainage.

This statement recognizes very clearly the difficulty involved in

attempting to devise an allocation formula that will assure each

owner an equal opportunity along with other owners to recover in

proportion to the recoverable oil and gas underlying his tract. As a

practical matter, such a result can almost never be achieved in any

reservoir in which the pressure is maintained by either a water drive
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or a gas-cap drive. Most producers have finally become reconciled

to the fact that prevention of waste is the dominant factor and that

regulations provided to assure conservation will inevitably cause some

properties to gain oil and others to lose through the resultant regional

migration. Seldom today is any reasonable allocation formula

attacked solely on the basis that it results in some drainage through

regional migration.

So long as the owners of tracts being drained are willing to accept

the fact that their loss is inevitable where the regional migration is

caused through the natural response of the reservoir to the imposed

restrictions, no conservation issue is involved if the restrictions are

adequate to assure efficient recovery. This is often the situation in

a pool having an active natural water drive.

The situation is different, however, when restrictions alone are

not adequate to bring about efficient recovery. If pressure mainte-

nance can be provided only through injection of gas or water the

regional migration that will result is caused not by submission to

imposed restraint but by positive action. Under this situation the

problem is greatly aggravated. It is no longer a question of pre-

venting waste, but of taking action to increase efficiency. The impos-

sibility of devising any kind of allocation formula that can satisfac-

torily compensate for regional migration is a real hindrance to the

adoption of pressure-maintenance operations that depend on the

injection of gas or water.

No practical way of getting around this difficulty is evident

except through cooperation among the producers. The difficulty can

be completely removed through an agreement for unit operation and

distribution of the production. If all interests in a pool are unitized it

makes no difference where the oil originates, or through what wells

it is produced, for all share in the total production in accordance

with their agreement, regardless of migration.

The Problem of Wells

One of the greatest difficulties under state regulation has been

the question of what to do about wells. Before regulation, the well

was the producing unit. Surface property lines, the size of a tract,

and the subsurface conditions beneath it played no part except inso-

far as they affected the number of wells drilled and their physical

ability to produce. If a particular owner had only one well it made
no difference whether it was located behind his home on a 50-
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foot city lot or in the center of a 20-acre farm. It made no

difference whether one thousand barrels or one million barrels of

oil originally lay beneath his land. He would recover only what his

well produced. Furthermore, each owner could drill as many wells

as he saw fit or could afford. The rate at which he could produce

depended simply on the aggregate capacity of his wells.

The principle of equal opportunity to recover in proportion to

recoverable oil and gas in place was not always recognized, nor were

many of the earlier regulations designed in any way to approach it.

In several of the states the original objectives of regulatory agencies

seemed to be to preserve among the various owners within a pool

the same relative participation in the regulated pool production as

they had theretofore enjoyed. When production restrictions were

first invoked it was very simple to restrict the total production by

the direct expedient of restricting the output of each well, either

by allowing each well to produce the same amount of oil daily as

each other well, or by allowing each well to produce the same frac-

tion of its former production as all other wells. Both of these devices

were actually employed in different localities to partition the total

allowed production. Allocation to a property was thereby based to

a large extent on the number of wells and their potentials rather than

on the underlying reserve of oil or gas.

Allocation of production solely in proportion to the number of

wells on a property has been called the flat per well allowable. When
the potentials of the wells are taken into account the method of

allocation has been called an allowable based on potential. "Potential"

is the term applied to the productive capacity of a well; it is the

number of barrels a well can produce into a tank within some stated

interval of time, as, for example, one day or one hour.

Allocation based on these factors failed to alleviate many of the

old difficulties, and it brought on new ones, including wasteful prac-

tices. Incentive was provided for the drilling of many unnecessary

wells, and waste was incurred through the testing of wells at high

rates of production to establish high potentials.

It is immediately obvious that under this method of restricting

and allocating production only one of the objectives of conservation

is achieved. The total production is successfully limited. However,

each time a new well is drilled in a pool and receives an allowable

all other wells must be permitted to produce less if the total is to be

kept constant. Furthermore, the owner who has one well can usually

double his production by drilling a second well. Each time a new
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well is drilled by one owner, owners of adjoining land must drill

offset wells to protect themselves against adverse drainage. Unless

drilling is rigidly restricted, the result, insofar as drilling is con-

cerned, is much the same as in the complete absence of regulation.

Each owner is forced to continue drilling until the point is reached

at which it is obvious that a new well will not recover its cost. Exces-

sive and unnecessary drilling are a direct result.

When carried to the extreme this situation leads to a new prob-

lem. A point is eventually reached at which the aggregate number of

wells becomes so great that the total permitted production is not

adequate to yield a satisfactory profit on their operation. Demands
then arise for an increase in the total permitted production on the

basis that forced abandonment of wells will cause waste through a

resultant los9 of ultimate recovery. This situation creates a real

dilemma. If waste will result from an increase of the total permitted

production, but an effective showing has been made that waste

will also result from abandonment of wells unless the total is

increased, it may be extremely difficult for a regulatory agency to

decide which course of action will cause the least waste. If the sit-

uation is such that waste will result from either increase of the total

permitted production or failure to increase the total, then the primary

objective of regulation to prevent waste has not been attained and

the regulation has, in effect, been nullified.

It becomes apparent, then, that effective regulation to prevent

waste cannot be confined simply to restriction of production. To be

effective it must be accompanied by restriction of drilling. Restriction

of drilling can take either of two forms

:

1. Outright limitation of the right to drill, or

2. Removal of the incentive to drill excessively.

Either of these approaches may be effective, and each has been

employed. A combination of the two is often the most satisfactory

arrangement.

Limitation of drilling usually takes the form of specification of

the minimum acreage on which a well will be permitted. For exam-
ple, one well on each 10 acres or each 20 acres or each 40 acres may
be allowed.

Removal of incentive to drill requires that each owner be per-

mitted to produce an amount of oil that is in no way dependent

on the number of wells he owns beyond the minimum required to

develop his property. This result is often achieved by allocation of

the production of a pool on the basis of producing units or on the
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basis of unit developed acreage. In New Mexico, for example, a

producing unit for an oil well is 40 acres. Each 40 acres is

permitted one well and is allowed the same production as each other

developed 40-acre tract in the same pool. If, for some reason, the

drilling tract comprises more than or less than 40 acres, the unit

allowable for such well is increased or decreased in the proportion

that the number of acres in the drilling tract bears to 40, minor frac-

tions of an acre being disregarded. Allocation by this method is

commonly referred to as being based on 100% acreage. It is often

employed as a simple and practical, even though only approximate,

index to the relative amounts of recoverable oil or gas underlying-

various properties within a common pool. It is obvious that with

allocation based in this manner on the developed acreage rather than

on the number of wells, an owner would have no incentive to drill

a second well on a 40-acre producing unit, even if he were permitted

to do so, because the second well would not increase his permitted

production.

Allocation on the basis of developed acreage has been very effec-

tive in curbing excessive drilling of the sort normally encountered.

The same result is accomplished when each well obtains the same

allowable as all other wells but drilling of more than one well on

a tract of specified size is strictly prohibited and no exceptions are

allowed. The weakness of the latter approach is the temptation it

offers for special exceptions and its vulnerability when small tracts

are involved.

The Special Problem of the Small Tract

Difficulty with any system of allocation almost always arises

when a pool underlies a number of separately owned small tracts.

If the owner of a tract does not have a well, and thereby a means

of participating in the total production from a pool, the oil and gas

underlying his tract will drain to others just as surely under a regu-

lated system as if production were not regulated. He must be given

the opportunity to recover his share of the oil and gas within the

pool. If his tract is smaller than the established minimum size for

a well, and he is denied the right to drill, he is directly deprived of

his property.

Offhand, it would seem fair and reasonable when confronted

with this situation to permit an exception to the usual spacing pat-

tern in order that the owner of the small tract might recover his oil.

The solution, however, is not so simple. As soon as the well has been
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drilled the problem arises as to how much it should be allowed to

produce. If the allocation system in effect for the particular pool is

that each well receives the same allowable, the new well automatically

receives the same production as all other wells. The effect is that

the new well begins to drain not only the owner's small tract but all

adjoining tracts. Owners of adjacent tracts are forced to demand
that they be permitted to drill additional wells to protect their prop-

erties against adverse drainage. If additional exceptions are granted

similar discrepancies in participation spread throughout the pool

until the whole basis of the drilling restrictions is destroyed. Excep-

tions to the normal spacing pattern from this cause alone resulted

directly in the drilling of over 13,000 wells in the East Texas field

that were in no way needed to recover the oil from the pool as a

whole.

A different but equally difficult problem exists if the well on the

small tract is permitted to produce, not at the same rate as all other

wells, but only in proportion to the relative acreage of the small

tract or at a rate just sufficient to prevent drainage from the tract

by others. The tract may be so small that the oil recoverable from

beneath it may not be sufficient to return the cost of a well ; or the

permitted production if the well is allowed to produce only in pro-

portion to the acreage of the tract may be too low even to pay the

operating costs of maintaining the well on production. This situa-

tion is often encountered when all or part of an oil pool lies beneath

a townsite or other area that is divided into very small tracts. For

example, if a pool containing a recoverable oil reserve of 10,000

barrels an acre is developed on a pattern of one well to each 20 acres,

and each well is permitted to produce 40 barrels daily, or 2 barrels

daily for each tributary acre, a 50-foot by 100-foot town lot would

have beneath it only 1,150 barrels of recoverable oil, and a well on

such a lot could be allowed only 34 barrel a day if it were permitted

to produce only in proportion to the acreage of the tract.

Restrictions alone are not capable of dealing with this situation,

for there is no solution that can be satisfactory to all concerned on

the basis of ordinary fairness. If the town lot in the example cited

is denied a well the owner loses 1,150 barrels of oil to which he is

entitled. He cannot afford to drill a well to recover 1,150 barrels; a

permit to drill accompanied by a permitted allowable of %
barrel of oil a day is just as effective in preventing drilling as is

denial of a permit. If drilling is permitted and the well is then
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allowed to produce at a rate that will allow the profits from the

operation to retire the cost of the well plus the 1,150 barrels it was
originally drilled to obtain, the result might be considered fair by
the owner of the town lot, but every bit of production obtained in

retiring the cost of the well would have to be drained from other

owners in the same pool. In effect, the other owners would have to

pay for the cost of the well and its upkeep. If the well were actually

permitted to produce at the same rate as all other wells it would
eventually produce a total of 200,000 barrels, all but 1,150 of which

would be involuntarily contributed by other owners. It is inconceiv-

able that they would consider it fair to relinquish 200,000 barrels

of oil for the ostensible objective of allowing the owner of a town
lot to recover his own 1,150 barrels.

This situation has but one real solution. If the objective is to

give the town-lot owner a fair opportunity to recover his own oil,

but no more, it is obvious that the small tract must be pooled with

other small tracts until their aggregate acreage is sufficient to meet

the established minimum for a well, or means must be provided

whereby the small tract can, without a well, participate equitably in

the total pool outlet through pooling with larger tracts, or unitiza-

tion. Both of these methods have been employed effectively.

If the pooling is voluntary no question is raised, and the result

is considered fair by all. If compulsion is attempted, as, for example,

by denial of a permit to drill except on pooled tracts aggregating

sufficient size to be allowed a well, vociferous protests are often

raised by those who look upon the ownership of a small tract as an

inviolable right to drill and to produce profitably through drainage

from their neighbors. During World War II the pooling of small

tracts for drilling was compelled by the Petroleum Administration

for War. Such pooling is also compulsory in several states, at least

to the extent that a permit to drill is given to the owner of one tract

in a unit and the owners of other tracts are permitted to participate

in the production. Some of the oil-producing states have been reluc-

tant to compel pooling, and many unnecessary wells, have been drilled

as a result of town-lot drilling.

The problem of small tracts has been analyzed so far only in

relation to drainage from one property to another. There would be

no conservation question if that were the sole consideration. Conser-

vation is involved, however, in several very important ways

:

1. To the extent that wells drilled on small tracts and additional

wells drilled on adjoining tracts for the sole purpose of reducing
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adverse drainage are not required for the efficient recovery of oil or

gas from a pool, they constitute excessive drilling. Excessive drill-

ing increases both development and operating expenses, and adds to

the cost of oil and gas. The additional cost may be a direct cause

of reduced ultimate recovery through dissipation of capital that

might otherwise have been available for other facilities for increas-

ing recovery, and through causing the economic limit of the opera-

tion to be reached at an earlier stage of depletion. Both steel and

labor are wasted. None of these is in the public interest.

2. To the extent that excessive drilling on small tracts causes

an excessive localization of withdrawals, underground waste may
result directly from the resultant disturbance to the proper control

of gas and water as displacement agents. This is avoidable waste,

which the states have the authority to prevent.

3. To the extent that wells drilled throughout a pool to reduce

adverse drainage to small tracts may constitute too great a total

number to be supported profitably when the pool outlet is restricted

to an efficient rate, waste may be caused by the resultant demand
for higher total allowable.

Excessive Drilling With Uniform Spacing

The fundamental question might well be raised as to why the

permitted production from a property should be dependent in any

way on the number of wells. The answer to this question seems to

lie in the fact that a property cannot produce oil without a well,

unless it is pooled, and a regulatory agency charged with the respon-

sibility of regulating production and allocating it among the proper-

ties has to have some yardstick by which to be guided. An owner
cannot be compelled to drill and develop his property; he can be

afforded the opportunity to do so. He has the right to refrain, but,

if he refrains, his failure to drill cannot deprive others of their

right to develop their properties and to produce.

If the intent of the allocation method employed is to afford each

owner a reasonable opportunity to produce the recoverable oil beneath

his land it seems reasonable to presume that the owner is exercising

that opportunity when he drills wells to develop that land, but is

refraining when he fails to develop. It has become customary, there-

fore, to assign allowables to existing wells without credit for

"undrilled" acreage.

The practice has been for the state to set the well-spacing pat-

terns and thereby to decide what constitutes development. For exam-
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pie, the established development may be set on the basis of one well

to a specified area, such as 10 or 20 or 40 acres. Whatever the

basis, and regardless of the total number of wells on a property, no

credit is given for the acreage within the property not specifically

assignable to a well on the established pattern or unit.

One difficulty with this approach has been that often the spac-

ing pattern in a pool is set soon after discovery and before it is

known what will prove ultimately to be the proper recovery method.

If the number of wells required by the pattern proves ultimately

to be too few the situation can always be corrected by the later drill-

ing of additional wells. Too often, however, the reverse is true, and

more wells are drilled than will ultimately be required. The excess

wells burden the operation with increased investment and increased

operating costs, both tending to affect ultimate recovery adversely.

Great advances have been made by the states in reducing the

unnecessary drilling that results from the establishment of spacing

patterns smaller than necessary. There is still room for improve-

ment, however. If the situation in the future is to continue to be one

in which each individual property must have wells situated on it in

order to obtain a share of the production, a proper ultimate solution

would seem to lie in the direction of setting, first, a development pat-

tern requiring the drilling of the minimum number of wells required

to outline the productive limits and to determine adequately the

character and degree of continuity of the productive reservoir, and,

second, a production pattern calling for the minimum number of

wells required to recover the oil efficiently by whatever method
appears best to meet the needs of the specific pool. The required num-
ber of wells could be based on the total maximum efficient produc-

ing rate for the pool as a whole and the maximum rate at which

a well could be produced without waste, each determined on the basis

of factual evidence. Such an approach could undoubtedly reduce the

number of unnecessary wells now drilled because of arbitrary spac-

ing patterns.

In the final analysis, however, it must be considered that any

well not actually needed to obtain reservoir information or to recover

the oil efficiently is an unnecessary well. Conservation would be

promoted if all non-essential wells could be dispensed with and pro-

ducers could be relieved of their burden. The saving would also

benefit the ultimate consumer. It has been shown in prior chapters

that maximum ultimate recovery of oil is not dependent on there

being wells on each property, but is dependent on the operation of
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an entire reservoir with a single, efficient recovery method, with the

wells so situated with regard to the structure and geology of the

reservoir as to bring about the most effective displacement of the

oil. The requirement of wells on each property is therefore an arti-

ficial rather than a natural requirement, and is brought about through

the fact that it is only through having wells on his property that an

owner can obtain a share of the production. This situation sug-

gests that the most effective way in which to eliminate the drilling

of unnecessary wells would be for the owners of separate tracts

within a reservoir to pool their properties into a single whole.

Thereby the entire reservoir might be operated for maximum recov-

ery, with wells properly located to promote efficiency, and with each

owner receiving a share of the total production. Such an arrange-

ment is best achieved through unit operation.

Pools With Gas Overlying Oil

Another very difficult situation arises in the conflict between the

requirements for waste prevention and the individual interests of

landowners in pools where extensive gas reserves overlie oil in a

common reservoir. The conflict is particularly aggravated when some

properties are underlain by gas only.

It has been shown that in a reservoir of this type it is essential

to prevention of underground waste to retain the free gas in the

reservoir. This is required regardless of whether the reservoir is to

be operated by gas-cap drive or by water drive. If gas-cap drive is

to be employed, all of the gas must be retained within the reservoir

to maintain pressure and to displace the oil. If water drive is to be

employed, shrinkage of the gas cap cannot be tolerated. Depending

upon the degree of reservoir pressure decline required to bring about

the water influx, a limited expansion of the gas cap can take place,

and a correspondingly limited production of free gas may be per-

mitted, but the total gas production cannot be allowed to exceed the

net expansion of the gas cap. This is usually a very severe limitation

;

it is most severe when the reservoir pressure is maintained at a very

high level.

It is obvious that conservation requires that the owners of gas

wells in an oil reservoir be restrained from producing the gas under-

lying their land. Depending upon the mechanism employed to recover

the oil, this restraint may have to take the form of complete prohibi-

tion of production of free gas. Since the purpose of the restraint

is to cause the reservoir supply of gas to be used either directly or
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indirectly to increase the recovery of oil, the effect is to utilize the

property of gas owners for the benefit of those who own the land

underlain by oil.

If gas-cap drive is employed in a reservoir, prohibition of free-

gas production does not merely cause owners of gas wells to defer

production of gas until a later date. The gas cap encroaches into the

oil zone to displace the oil, and the gas underlying one property

flows underground to the property of another. Restriction of gas

production may thus be said to result in the transfer of the property

of one owner to another.

If outright prohibition of the production of gas wells in oil

reservoirs is imposed, the owners of land underlain only by gas are

placed in a very difficult position. They can receive no current income

from their property until the oil recovery operation is completed,

and at that time they may have no gas, for it may all have migrated

to other properties and may eventually have become completely dis-

sipated in the oil recovery operation. The lessee of a tract containing

only gas wells may be unable to retain his lease, for the usual lease

contract expires unless oil or gas is produced.

The owner of a very large gas-bearing area may sometimes pro-

tect himself to some degree in this situation if the gas is rich

enough in condensable hydrocarbons to support a profitable cycling

operation. By stripping the heavier hydrocarbons and returning the

dry residue gas to the gas cap he may obtain currently some revenue

from his property. Cycling is sometimes carried on in the gas cap

of an oil reservoir, but often the reservoir conditions or the composi-

tion of the gas are such that cycling is not feasible. Even if cycling

is employed, the owner is still denied an opportunity to recover his

dry gas, except possibly at some future time, and he may eventually

lose all or a great part of it through subsurface migration.

It would seem in this situation, if the property of one owner
is to be used for the exclusive benefit of others, that it would be

fair and reasonable for the first owner to be compensated in some
manner for the use of his property. This solution, however, is not

one that can be provided solely through regulation and control. The

effect of severe restriction or prohibition of gas production is to

dedicate the use of the gas in the reservoir for the common good.

That one owner loses and another gains is not an objective but sim-

ply an inevitable result. No state regulatory agency has attempted

in this situation to place a value on unproduced gas and to com-

pel oil producers to compensate owners of closed-in gas wells.
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The usual situation is that the owner of a gas well is permitted to

produce gas in spite of the fact that such production of gas may
cause loss of ultimate oil recovery. Thus, the inequities that would

result from rigid imposition of restrictions designed to prevent waste

act in part to nullify the waste-prevention measures.

It appears that the inequities of this situation could best be

relieved through supplementing the imposed regulations by coopera-

tion among the various producers. Unit operation, perhaps on a vol-

untary basis, offers a means by which the producers, including own-

ers of gas wells as well as oil wells, might bring about an equitable

distribution of the total production while at the same time retain-

ing the gas in the reservoir to increase the efficiency of the oil recov-

ery.

Condensate Reservoirs

No particularly difficult problems of regulation of gas reservoirs

arise that are peculiar to gas, except in condensate reservoirs. The
problem of gas migration from one part of the reservoir to another

if pressure is maintained by water drive, and the problems of

whether or not to permit wells on small tracts and how to distribute

the permitted gas production among the various owners are similar

in most respects to the same problems in an oil reservoir. It is gen-

erally recognized that gas will migrate over great distances and that

the amount of gas recoverable from a small tract will be insufficient

to pay for a well. It is therefore becoming a commonly accepted

practice in gas fields to pool small tracts until enough acreage is

provided to support a well.

Very little waste takes place in most dry gas reservoirs, for, out-

side of the costs sometimes incurred by the drilling of unnecessary

wells, the disturbances to ownership rights that may result from

migration of gas from one property to another are usually not such

as can in any manner cause underground waste. Surface waste

through flaring of gas from gas wells almost never occurs unless

the gas has first been used in some manner to lift oil. Purchasers

of gas are in general forced to take gas ratably from the various

properties in a common pool.

A special problem arises, however, in those gas pools in which

the condensate content of the gas is such that decline of reservoir

pressure would cause loss through condensation of liquids within

the reservoir, and in which the physical characteristics of the reser-
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voir and the size of the reserve are such that cycling would be a

feasible and efficient method for recovery of the condensate.

It is essential to efficient recovery of condensate by a cycling

operation that the entire gas reservoir be operated as a single entity.

It is impossible to carry on cycling with a single well ; in order to

obtain efficient recovery the injection wells and production wells

must be so located as to cause dry gas to sweep as much as possible

of the entire area of a reservoir. Efficient displacement of the wet

gas cannot be obtained by well patterns such that both production

wells and injection wells are located on each individual property.

Furthermore, cycling on some properties for the purpose of main-

taining reservoir pressure and effecting efficient recovery of con-

densate would be fruitless if other properties in the same reservoir

were permitted to reduce the reservoir pressure by withdrawal of

gas. Not only would the reservoir pressure be reduced on those prop-

erties where cycling was being carried on, nullifying the effects, but

gas would drain from the cycled properties to those simply pro-

ducing gas.

If cycling were taking place in a reservoir any property located

between an injection well and a producing well, while not drained

of gas, would nevertheless have its wet gas replaced by dry gas,

and would thus be drained of its condensate.

All of these facts are well known and commonly understood by

both producers and state regulatory agencies. It is also universally

recognized that cycling of a gas reservoir cannot be achieved merely

by regulation but is possible only through participation among all

owners within a pool. Accordingly, it is now common practice to

carry on cycling operations through unit-operation programs in

which all interests share the recovery.

DEFICIENCIES OF REGULATION AND NEED OF
SUPPLEMENTAL APPROACH

Regulation has achieved most of its objectives and, taken as a

whole, has been highly satisfactory. It still has some weak spots.

Chief among them are : excessive drilling has largely been reduced

but has not been eliminated, particularly where small tracts are

involved; it has not been possible to allocate production in all pools

on a basis that will always meet ordinary standards of fairness ; and

it has become apparent that restrictions alone cannot always cause

an oil reservoir to be operated efficiently.
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Conflicts Between Property Rights and Conservation

For the purpose of analyzing the principal weaknesses, it might

be considered that there are three broad classes of oil and gas pools,

as follows:

1. Those pools in which uniform spacing of wells, control of

production rate, and prohibition of excessive production of gas or

water are entirely adequate to assure efficient recovery through the

natural response of the reservoir to proper operating controls and

without serious damage to the rights of individual owners. In pools

of this type there is room for substantial improvement in the reduc-

tion of unnecessary drilling and in more equitable allocation. These

are pools, however, in which it is not likely that, with the present

state of technical knowledge, additional recovery could be obtained

through a different type of operation. Most dry gas pools and many
oil reservoirs having adequate natural water drive are in this cate-

gory.

2. Those pools in which regulation could be adequate to assure

efficient recovery, but in which rigid imposition of the required

restrictions would so disturb accepted property rights that the prac-

tical effect is either failure to invoke completely the required degree

of regulation, or the effect of the regulation is in some manner nulli-

fied. Many pools with large reserves of gas overlying oil are in this

category.

3. Those pools in which control of production rate, limitations

on drilling, and control of the production of gas and water will not

suffice to insure efficient recovery. Oil pools suitable for and requir-

ing artificial gas-cap drive or edge-water drive, and condensate reser-

voirs suitable for and requiring cycling, are in this category. For
each of these recovery methods it is essential that an entire reservoir

be operated as a single producing unit. There is no other practical

way in which to obtain efficient recovery.

Analysis shows that the deficiencies and limitations of regulation

all arise from the conflict between individual property rights and

the physical requirements of efficient oil and gas recovery. Regulations

limited to permission, restriction, and prohibition of the individual

acts of individual owners are adequate in certain pools in which com-

pliance does not so greatly conflict with individual property rights

that the regulations are circumvented or their effectiveness nullified

by the steps taken by individual owners to prevent confiscation of

their property.
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Cooperation Needed to Resolve Conflicts

In many pools protection of property rights and efficient recovery

are so irreconcilable that regulation alone is completely inadequate.

In such pools it is essential that regulation be supplemented by an

auxiliary approach. Over and above any regulations that may be

provided to prevent waste, cooperation among all owners must be

secured in such fashion and to such degree as will remove the con-

flict between protection of property rights and the requirements of

waste prevention, and as will result in the production of each pool

as a single natural reservoir unit with the single dominant recovery

mechanism best designed to effect the most efficient ultimate recovery.

Such a result can be obtained if the property rights of the indi-

vidual owners are pooled and the right of each owner to develop

and produce his own property independently is exchanged for a pro-

portionate interest in the total production of an entire pool. By
removal of the conflicting interests of the owners the way is opened

for their joint participation in a common operation best designed

to meet all requirements for efficient recovery.

Unit Operation Offers Feasible Solution

The question naturally arises as to what is or should be the atti-

tude of the state, and to what extent the state may or should restrict

or promote cooperative exploitation of petroleum reservoirs. Our
state governments have the power to prevent physical waste and to

protect correlative rights. Under this power, they find it necessary

to prevent waste in the form of excessive production of gas or water,

and to restrict oil production from individual properties. Under the

rights guaranteed by our constitution, landowners and producers

cannot be deprived of their property without due process of law.

Restriction of oil production in any form, direct or indirect, inevita-

bly changes the relative participation of every oil producer in a com-

mon pool. Under capricious administration one owner's property

may be handed to another, and even under the most careful admin-

istration such transfer of property may, to some degree, be inevitable.

The objective of a state administrative agency that allocates pro-

duction or controls the spacing of oil wells under waste-prevention

statutes is, first, to prevent waste, a clearly defined power of the

state, and, second, to attempt, insofar as is reasonably possible and

compatible with the prevention of waste, to give each owner or pro-

ducer a reasonable opportunity to receive or recover a fair share of
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the oil and gas within the common pool. The difficulty is that these

two administrative requirements are in many cases directly contra-

dictory to a varying degree. Prevention of waste through control of

the production of gas and water, or restriction of oil production, or

prevention of waste through the use of pressure maintenance opera-

tions involving injection of gas or water may be a direct cause of

migration of oil or gas from one property to another. In many cases

no conceivable allocation formula can give to the owner of an

adversely located property any chance to recover the equivalent of

the oil underlying his property if all the wells in a pool are per-

mitted to produce at reasonable rates.

One manner in which the owner of a property with an unfavor-

able location can recover the equivalent of his oil is for him to

receive a share of the oil produced from the leases to which his oil

is forced to migrate. Title to this oil produced on other leases rests,

however, with the producers and not with the original owner from

whose property the oil migrated, unless a different arrangement

results from agreement. To promote conservation the state should

permit and encourage the various producers in a pool to agree upon

a fair and equitable division of the pool's production in order that

they might, through joint operation, prevent underground waste and

increase ultimate recovery. There is nothing in such a program that

is anti-social or contrary to public policy in any respect. Such an

agreement is not a device for effecting restraint of trade but pro-

vides a framework within which separate owners may receive and

enjoy their properties under a system where restraint is imposed to

prevent physical waste. The agreement is thus an arrangement that

permits the state to exercise its police power to prevent waste with-

out depriving of their property those who are affected.

Some have the notion that a unit-operation agreement or unitiza-

tion takes unfairly from one and gives to another, and that it dis-

criminates against the small landowner or lease owner in favor of

the holder of large tracts. It is essential that it be clearly recognized

that unit operation is not something that deprives an owner of his

property or his right to its enjoyment, but is rather a device of con-

venience that he himself may employ through agreement with others

for the express purpose of independently safeguarding his property.

The pooling of ownership rights does not in itself directly increase

recovery or prevent waste, but it makes possible the development and

exploitation of a pool to yield the maximum ultimate recovery, by

making it possible for all operators to participate in the venture,
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those whose properties will be drained as well as those whose prop-

erties will benefit by the forced migration essential to efficient re-

covery.

Unit operation or unitization is not a novel idea. It was seriously

proposed and considered long before state regulation became effec-

tive. It was ardently championed by Henry L. Doherty as early as

1924. The advantages of unit operation were heavily stressed in the

reports of the Federal Oil Conservation Board, in the reports of

various committees that studied the problems besetting the petroleum

industry during the period of wide-open production, and in many
technical papers before 1931. Practically every individual or group

who studied the problems of waste of oil and gas and its causes rec-

ognized the necessity of cooperative action to secure efficient recov-

ery. The disagreements revolved primarily about the methods

required to bring about cooperative action rather than the principle.

In hindsight, it now seems fairly evident why unitization was

not widely adopted. The chief problems causing waste of oil and

gas and keeping the petroleum industry in a chronic unhealthy state

prior to the development of the present system of conservation were

unrestricted drilling and wide-open production. These were by far

the most direct causes and the most important causes of waste. It

was also generally believed at that time that if production were

restricted and the gas associated with crude oil in the reservoir were

conserved, efficient recovery would be assured. Many of those who
proposed cooperative action were thinking in terms of restrictions

on drilling, on well density, and on production rate through coopera-

tive action and agreement. When the various states adopted conser-

vation statutes and began to regulate drilling and production it

appeared that state regulation would provide substantially all of the

benefits previously expected through cooperative action. Interest in

unitization lagged while the administrative, legal, and technical tal-

ents of the industry were devoted to the task of trying to solve the

problems associated with state regulation. These expectations were

reasonable in the light of the technical knowledge available during

that period and have been borne out by the tremendous advances

since made.

It is becoming increasingly apparent now, however, that in many
oil and gas pools unit operation should be reexplored as a supplement

to the present system of conservation. The reasons now existing for

unit operation are not the same as those most strongly urged before. It

is not required to prevent the frenzied drilling of wells, the wide-open
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production of oil, the blowing of gas to the atmosphere, and the

immediate dissipation of each new oil reserve soon after discovery.

All of these have been fairly well taken care of. Cooperative action

and unit operation are needed now, not to prevent obvious waste,

not to act as a brake on drilling and production, but to protect prop-

erty rights, to preserve individual enterprise, and to permit the effec-

tive implementation of advances in technical knowledge, to the end

that positive steps may be taken in each pool to bring about a higher

extraction efficiency.
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Chapter X
COOPERATIVE DEVELOPMENT

AND UNIT OPERATION

THE NEED OF COOPERATIVE ACTION

It has long been evident that conservation of oil and gas is not

possible through purely individual action on the part of each owner

;

it is also becoming increasingly apparent that completely effective con-

servation cannot always be achieved through regulation alone. In

either case, the same basic difficulties arise from the migratory

nature of oil and gas and the conflict that results between individual

property rights and the physical requirements of efficient recovery

of oil and gas.

The characteristics of oil and gas reservoirs were set by nature

eons ago, possibly before man existed—certainly before he became

aware of petroleum or had a need for it. Those natural character-

istics are fixed and unyielding ; they do not readily adapt themselves

to modern concepts of ownership or value. Modern though they

may be in comparison, individual property rights were acquired

through generations of struggle, and they also are tenaciously held

and jealously guarded. The essence of the conflict that arises from

these considerations may be recapitulated briefly as follows

:

1. A landowner has the right, subject to reasonable regulation

by governmental authority, to exploit the oil and gas underlying his

land.

2. The owner of a well is recognized as the owner of the oil and

gas that reach the surface through his well. The oil produced from

his well may or may not have been beneath his own property when

the well was put on production. His well may drain other properties,

or his own land may be drained by others.

3. To protect his property, a landowner must have a well or

wells located on that property, and he must, by exercise of due

diligence, assure himself of an opportunity at least equivalent to that

of other property owners to reduce to physical possession above-

ground his proportionate share of all oil produced. Thus, each par-

cel of land must have a well or wells on it, and must be independently
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exploited, unless some alternative method of securing a share of the

production be arranged.

4. The nature of petroleum reservoirs is such that maximum
recovery of oil or gas is not necessarily obtained by production from

wells located on each parcel or tract of land. If efficient recovery is

to be obtained, oil and gas must be forced to migrate. The direction

and degree of migration required for efficiency in any particular

reservoir are dictated by the specific physical structure and by the

recovery process. They can in no way be controlled arbitrarily by

surface property boundaries. Property rights are always affected,

some favorably, some adversely. Pressure maintenance, gas-cap

drive, water drive, cycling cannot be carried on effectively except

in large areas or whole reservoirs ; for each of them wells must be

located with respect to the characteristics of the reservoir rather

than with reference to property lines. Thus, in many pools efficient

conservation practices may require that oil or gas be deliberately

forced to migrate from one property to another, and that the oppor-

tunity of certain properties to produce oil or gas through wells

located thereon be greatly restricted or even denied entirely.

The obvious remedy, and what is perhaps in many cases the only

satisfactory remedy, for this situation is for the property owners

to agree on the method of exploitation of a reservoir to obtain the

maximum ultimate recovery, and to remove the conflict by agreeing

to apportion the total recovery upon some fair and mutually satis-

factory basis.

THE PURPOSES OF COOPERATIVE DEVELOPMENT

The fundamental purpose of cooperative exploitation of oil and

gas pools is to carry out or make possible the carrying out of recov-

ery procedures designed to increase the ultimate recovery of oil and

gas from an entire reservoir, which procedures either could not be

carried out individually, or, if carried out individually, would dis-

turb the ownership rights in the common pool. For example, through

cooperation the owners in a common pool may carry on artificial

pressure maintenance or secondary recovery through injection of

gas or water, or a cycling operation for condensate recovery, or

control the use of a gas cap to maintain the pressure of an oil reser-

voir, each for the purpose of increasing the ultimate recovery. These

actions may be purely voluntary, the incentive being the greater

return to be obtained through efficient recovery.
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On the other hand, if the state, for the purpose of preventing

waste, compels restriction of production rate, regulates the spacing

of wells, prohibits or restricts the production of gas, or compels the

return of produced gas or water to a reservoir for the maintenance

of pressure, the various owners may resort to cooperation, with an

agreement as to distribution of the production, as a means of pro-

tecting their property rights and effecting certain economies that

will make it practical and feasible for them to operate under the

imposed restrictions.

THE KINDS OF COOPERATION

Although integration of all separate interests in a pool is often

the most effective and sometimes the only practical way by which to

bring about operation of an entire reservoir in the manner best

designed to obtain efficient recovery, various other cooperative pro-

cedures are also employed to promote efficiency. Different types

and degrees of cooperation are required and are practiced in different

situations. They vary all the way from a simple exchange of tech-

nical information to complete integration of properties.

Exchange of Technical Information

It has been shown in earlier chapters that efficient recovery

requires that a great deal of factual information be available with

respect to a reservoir. The geologic conditions, the thickness, con-

tinuity, texture, permeability, porosity, and the water, oil, and gas

content of the producing formation, and their variations throughout

the reservoir; the characteristics of the reservoir oil and gas; such

operating data as subsurface pressures and oil, gas, and water pro-

duction of individual wells—all must be known for an entire reser-

voir in order to determine the recovery mechanism operating, the

efficiency being obtained, and the proper controls necessary for

increased recovery. Each owner has access only to his own property

;

he cannot individually determine the required information for an

entire reservoir. Thus, the basic facts required for intelligent opera-

tion and for proper reservoir control can be accumulated only

through cooperative action or exchange of information among the

various individual producers.

These data are often gathered and exchanged through commit-

tees representing the various operators. In other cases the informa-

tion is exchanged individually.
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Cooperative Production Practices

Under some conditions injection of gas or water is carried out

according to a plan whereby each operator carries out his own injec-

tion and regulates the injected volumes in accordance with an agreed

coordinated program. Certain facilities may be shared or traded,

as, for example, by location of injection wells on lease boundaries.

The individual properties are operated separately. No interests are

traded, and property rights are not affected. Migration across prop-

erty lines is avoided, or is balanced and equalized, by careful con-

trol of the relative volumes injected and produced, in accordance

with the agreed plan.

This type of cooperative production is suitable only for those

reservoirs that are adaptable to pattern injection. It is not applica-

ble to artificial edge-water drive or to artificial gas-cap drive.

Where a natural water drive or a natural gas-cap drive is already

operative and the relative participation of various properties in the

allowed production is already fixed by an accepted allocation formula

imposed by state regulation, cooperative injection of produced gas

or water and cooperative action to prevent their dissipation are

sometimes carried on where the situation is such that these can be

done without any new disturbance to property rights over and above

that already taking place as a result of the natural reaction of the

reservoir to such control as is forced by state regulation to prevent

waste. For example, in many pools having natural water drive the

produced water is returned to the producing formation to assist in

maintaining the reservoir pressure. The injection may be carried out

individually or through shared facilities.

A novel arrangement for preventing or reducing excessive pro-

duction of water or gas is the transfer of allowables from one prop-

erty to another. For example, in the East Texas field a well that is

producing a large quantity of water may be closed in to conserve

the reservoir supply of water, and the owner, with the approval of

the state administrative agency, is permitted to arrange with the

owner of another well elsewhere in the field to produce for him the

allowable of the closed-in well. A somewhat similar practice is fol-

lowed in certain reservoirs of the Stratton field in south Texas.

There the oil is produced by a gas-cap drive, but extensive areas

of the reservoir contain only gas. A gas well is given an allowable

based on its acreage and on the withdrawal of reservoir volume

allowed an oil well. This gas allowable is converted to an oil equiva-
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lent based on the prices of gas and oil. In order to avoid the with-

drawal of gas from the gas cap, the oil equivalent of a gas-well allow-

able may be transferred to the owner of an oil well elsewhere in the

same reservoir.

Transfers of the sort practiced in East Texas and in Stratton

are sanctioned by the state regulatory commission in written orders,

but the actual carrying out of the transfers is purely voluntary and

is arranged privately by the producers involved. Such transfers are

feasible only where they do not disturb property rights.

Joint Ownership of Facilities

Still another form of cooperation is through the joint ownership

or use of facilities which operators acting individually might be

unable to afford or which can be shared more efficiently than they

can be duplicated.

Examples are gathering systems for the collection of produced

gas or water, water-disposal facilities, injection wells, compression

plants for return of produced gas to a reservoir for pressure mainte-

nance, and facilities for processing of produced gas for recovery of

natural gasoline or condensate and preparation of the gas for stor-

age, for marketing, or for return to the reservoir. Such facilities

may be jointly owned, or they may be owned by one operator but

used by all through some manner of payment.

Jointly owned facilities may be employed whether the producing

operations are carried on separately or are completely integrated.

Integration of Ownership

In many situations complete integration of ownership, or a

similar arrangement, is the only feasible means of accomplishing

the objectives.

Pooling

The integration of separately owned tracts within a drilling or

development unit so that the area may be treated as a single unit

is commonly called "pooling." Pooling usually relates to the combining

of small or irregularly shaped tracts for the purpose of providing a

well or a production unit. For example, the owners of a number of

small contiguous tracts may pool their properties for the purpose of

providing a 40-acre drilling unit for an oil well or a 640-acre drill-
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ing unit for a gas well, or a small tract may be pooled with an

adjacent larger tract in order to become a part of a drilling unit.

Unitization and Unit Operation

The practice of unifying the ownership and control of a large

area or an entire oil or gas pool by the issuance or assignment of

units or undivided interests in the entire area with provision for

development and operation by an agent, trustee, or committee repre-

senting all holders of undivided interests therein is usually called

"unitization."

The terms "unitization" and "unit operation" are frequently

used synonomously ; however, distinction between them is sometimes

made on the basis that the term "unitization" involves cross assign-

ments of interests, whereas "unit operation" refers to joint develop-

ment and operation of the unit which is formed, with or without

cross assignments.

The specific intent is to combine separately owned tracts in such

manner that they may be developed and operated as if they were a

single property, instead of separately. The procedures employed to

accomplish this result vary. Whatever the legal procedures employed,

the result is that the owner of an individual tract trades his right

to develop and produce that tract for a share in the production from

the entire unit.

UNIT OPERATION

Unit operation frees the operation of a pool of those restric-

tions that might otherwise be imposed by the conflicting interests of

the individual owners. Under unit operation there is no conflict of

interests, but, instead, a joint and common interest in carrying out

the operation as efficiently and economically as possible for the maxi-

mum recovery.

Formation of a Unit

A unit is formed through negotiation among the individual own-
ers. There must be a common reason or incentive, a joint purpose.

Agreements must be worked out that will determine the share of

each owner and what his obligations will be. Agreement must be

reached on how the unit operation will be carried on and by what

procedure it may be modified.

The understandings reached in forming a unit are ordinarily

reduced to writing, and often they are recorded. One document or

several may be employed for this purpose. The documents are impor-
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tant, for they may govern the operations over the remaining life of

the pool. They should cover as thoroughly as is possible without

becoming excessively burdensome and complex, all phases of the

operating, legal, and accounting features of the project, as well as

all future contingencies.

The essential steps involved in the formation of a unit are usually

as follows

:

1. Recognition by one or more producers in a particular pool that

unit operation is necessary in order to obtain efficient recovery.

2. Acquisition of the geologic, engineering, and operating data

required for a thorough analysis of the reservoir behavior and a

determination of the proper method of operation.

3. Appraisal by all producers in the pool of the probable total

benefits to be obtained through the proposed unit operation, and

agreement in principle on its adoption.

4. Negotiation and agreement on the basis of participation.

5. Decision on the type of operation to be carried on and the

details of the operating, accounting, and business arrangements.

6. Execution of agreements and appointment of all necessary

committees.

7. Obtaining the consent of royalty owners.

8. Obtaining the sanction or approval of the agency responsible

for regulation of oil and gas production in the area involved, as may
be required.

Although unit operation may be proposed at first by a single pro-

ducer, the formation of a unit is from start to finish a cooperative

procedure. At nearly all stages committees representing the various

producers develop the basic information required, and meetings are

held for discussion of all aspects. All operating interests are usually

represented in the committees that direct the operation after a unit

is formed.

The agreement is sometimes confined to the "working" or oper-

ating interests, but complete integration of all royalty interests as

well is highly desirable and is often necessary for effective unit

operation. In any event, it is essential that the royalty owners be

advised of and understand the purposes of the unit operation, the

type of recovery method to be carried on, why. unit operation is nec-

essary, and its effect on their interests. In unit operation, as in all

cooperative ventures, harmonious and satisfactory relationships are

best developed through mutual understanding.
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Determination of Participation in Ownership

Since the individual owner who participates in a unit exchanges

his right to develop his property independently for an equivalent

right in the community development, he can afford to participate

only if he receives a percentage of the whole that he considers a fair

and equitable trade for his contribution to the whole. The most

important negotiation leading to unit operation is therefore that

involved in reaching agreement on the basis of participation.

This negotiation requires two steps, as follows

:

First, agreement must be obtained as to what will constitute the

basis or measure of each participant's share, and

Second, after agreement on the basis, each property must be speci-

fically evaluated on that basis to establish its percentage of the

whole.

The bases most commonly employed for determination of the per-

centage participation in a unit are

1. The productive acreage.

2. The amount of oil or gas in place.

3. The amount of recoverable oil or gas in place.

4. The value of the oil and gas in place.

Acreage

A pool is sometimes unitized either prior to development or so

early during the development that nothing at all or very little is

known regarding the prospective volume of oil or gas underlying

each individual property. Under such circumstances the owners are

frequently able to agree on the use of productive acreage alone as a

fair and reasonable measure of their relative rights. Their respective

productive acreage can then be determined later as the limits of the

pool become outlined during development.

Participation on the basis of acreage is also sometimes employed

in a developed pool where the geologic information required to

determine the amount of oil or gas underlying each property is not

available in adequate detail for specific evaluation of each on any

other basis, or where the productive thickness does not vary greatly

throughout the pool. Acreage alone is often the basis employed in

gas pools.
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Oil or Gas in Place

In many pools the amount of oil or gas underlying certain portions

may differ substantially from the amount underlying others, so that

owners of richer tracts are unwilling to agree to participation on a

simple acreage basis as a fair measure of relative ownership. In such

cases it is usually possible for the owners to agree to participate on

the basis of the amount of oil or gas underlying each property.

Determination of the amount of oil or gas underlying each prop-

erty requires measurement or estimation of the following:

1. The productive acreage.

2. The thickness of the producing formation.

3. The net productive thickness of the formation exclusive of

barren zones, such as lenses of shale.

4. The porosity of the productive strata.

5. The connate water content of the productive strata.

The data available on each of these factors are usually plotted on

maps covering the entire pool and are contoured or averaged, as

required, in the light of the geologic nature of the reservoir and the

completeness of the available information. From such maps, deter-

mination of the amount of oil or gas underlying each property

becomes a straightforward procedure.

If only oil is involved, the amount underlying each property may
be expressed in reservoir barrels, or the formation volume factor

may be determined and the oil volume corrected to the basis of

stock-tank barrels at 60 °F. The latter is the usual procedure.

If only dry gas is involved, the amount underlying each property

is usually corrected to a standard reference pressure and tempera-

ture, usually atmospheric pressure and 60° F.

If a gas-condensate reservoir is involved, the condensate content

of the gas is determined and may be indicated separately from the

remainder of the gas.

Recoverable Oil or Gas in Place

The participation basis agreed upon may be the quantity of re-

coverable oil or gas underlying each property instead of the total quan-

tity. In such event, the same determinations must be made as for the

total oil or gas in place, with the added step of applying percentage

recovery factors.
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Value of Oil and Gas

The use of acreage alone, the amount of oil or gas in place, or the

amount of recoverable oil or gas in place is confined almost exclu-

sively to unitization of a single reservoir that contains only one type

of fluid, either oil or gas. Since oil and gas have different values it

is not possible to make a direct comparison between a certain quan-

tity of gas underlying one property and a certain quantity of oil

underlying another. When both oil and gas are involved, or when a

field consisting of multiple reservoirs that contain oil or gas of dif-

ferent character and different unit value is unitized, it is usually nec-

essary to take these values into account in arriving at an acceptable

basis of participation.

The value of the oil and gas underlying each property may be

determined on the basis of either the total quantity of each in place

or the recoverable quantity of each. The basis for assigning value

may be the prevailing market price for the oil, gas, and condensate

of the character and grades involved at the time a field or pool is

unitized, or provisions may be made for future adjustments in

accordance with future changes in price.

When both oil and gas in the same reservoir are involved, the per-

centage participation based on value may be on either the respective

values recoverable by normal operation or the values recoverable by

the improved operation expected from unit operation. If the former

is employed, the amount of oil recoverable by normal operation is

determined and is assigned a value based on its market price. The
amount of gas recoverable by normal operation and its value are

similarly calculated, with account taken of the recoverable conden-

sate content of the gas, if any. The values of oil and gas are then

totaled and the percentage of the total value represented by the oil

or gas underlying each property is determined. It will be noted that

when this method is employed the owners of properties underlain

solely by gas share in any increased oil recovery that results from

the unit operation and are thus compensated for the retention of

their gas in the reservoir to assist in effecting the additional oil

recovery.

Sharing of Costs

The participants in a unit share the costs of development and
operation in proportion to their share in the production, but develop-

ment and production costs incurred by the individual operators prior

to unitization require special consideration. As there is no sharing
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of the oil and gas produced prior to unitization, operating costs

already incurred are usually absorbed by the individual operators.

However, certain physical facilities useful to or required for the

unit operation may be acquired by the unit and their investment be

shared ratably by all.

Original costs of leases are not considered. Such lease burdens as

royalty, overriding royalties, payments out of oil, carried working-

interests, etc. are the responsibility of the working-interest partici-

pant and are paid by him out of his proceeds from the unit. Develop-

ment costs reflecting investment in roads, camps, wells, and plants

for water, for compression of gas, for recovery of natural gasoline

or condensate, or for generation of electricity are absorbed by the

unit if these facilities are required for the unit operation and are

acquired by the unit. It is the customary practice for each operator

to convey to the unit at either a fair replacement or a depreciated

value his complete subsurface and surface investment and to receive

in return a credit against his percentage of the total unit investment

based on his percentage interest in the unit. In some cases a lessee

may proceed to develop his property to bring his percentage develop-

ment in line with that of others so that his contribution to the unit

will be in line with his percentage interest.

There are some cases in which a unit will not need all of the facili-

ties already installed individually. For example, an operator may
have a camp for housing district personnel, or other items not use-

ful to the unit. Arrangements are usually made in those cases for

retention by the individual of those facilities that he requires or that

are not required by or suitable for the unit. Such arrangements sel-

dom apply to plants, and rarely to wells, unless they have no connec-

tion with the development or production of the unitized substances.

GENERAL ASPECTS OF UNIT OPERATIONS

It has been implied in the foregoing that establishment of partici-

pation in a unit is limited to the basis of acreage, to the amount of

oil or gas in place, to the recoverable oil or gas in place, or to the

value of oil and gas in place. There is, however, no simple rule to

follow in deciding what formula is to be used for determination of

the percentage participation in a unit operation.

A fair exchange of rights may be said to have been obtained

when the rights to produce oil and gas from certain tracts have been

traded for rights to a share in the total oil and gas produced from
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all of the tracts involved in the unit in such percentage as is con-

sidered fair and equitable by all participants.

Such exchanges have been based on evaluations that have included

many factors, such as subsurface pressures, percentages of produced

water, lifting costs, potentials of wells, maximum daily rates of pro-

duction allowed under state allocation, and many others. Should

any proposed factor not fit the particular case under consideration,

or should its use be unacceptable, the individuals involved may be

relied upon to object, and a fair basis of exchange will not be deter-

mined until a satisfactory agreement is reached among all concerned.

It should be noted that there is no actual exchange of oil and gas

but only an exchange of the rights to produce oil and gas so that

these rights can be exercised jointly for the mutual benefit of all.

These exchanges go further than stated. They are a recognition

of property rights, and they provide protection of property without

the necessity for each individual to take independent action to protect

his own property. It has been seen too frequently that the steps taken

by the individual to exercise his right to develop and to produce oil,

or the right that he exercises on behalf of his lessor, may result in

the denial to his neighbor of an equivalent right. Such denial to the

neighboring owner does not result from any act of ill will or that is

other than necessary and accepted oil-field practice under individual

operation. This denial may result from the expansion of a gas cap,

from the encroachment of water, from a reduction of reservoir

pressure, which may or may not create migration, but which may
increase the viscosity or cause shrinkage of the reservoir oil, change

interfacial tensions, cause retrograde condensation, or otherwise

decrease the ultimate recovery. The same effects may adversely affect

the owner in question to as great extent as or even to a greater extent

than his neighbor is affected. There is no question of right or wrong,

but there is a question as to whether there is not a better way to

conserve our oil resources than to continue to follow the old rules

and practices. This better way can be developed only if all partici-

pants are consistently fair in arriving at the proper basis for

exchange of rights in each individual case.

Obstacles to Unit Operation

Unit operation is being adopted in an increasing number of fields

as the owners see more clearly that it increases ultimate recovery,

improves efficiency, and increases the return to both landowner and
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lease operator. However, there continues to be mistrust by some,

caused largely by a misunderstanding of the aims of unit operation

and ignorance of its accomplishments. Unfortunately, there are dif-

ficult individual cases and short-term outlooks as well as other fac-

tors that create obstacles to unit operation. Refusal to cooperate or

to join in a unit program is limited neither to the small nor to the

large operator. Both weigh the various factors as each reservoir or

trade is being considered. Some of the factors that have obstructed

the adoption of unit-operation programs are reviewed in the follow-

ing:

Pride of Ownership

Pride of ownership enters into every negotiation. The reaction of

the individual to the release of complete independent rights in any-

thing he owns in exchange for a fractional participation in the whole

is unpredictable. The probability of an increased return may not be

sufficient to overcome this innate, though perhaps unexpressed, pride

of ownership. This pride is tied closely to such feeling of the indi-

vidual as the love of his land or of other property. When such feeling

is strongly held, by either a working-interest owner or a royalty

owner, it may prove unsurmountable.

Pride of Operational Control

Pride of operational control closely follows pride of ownership.

Most operators consider themselves more efficient than others. A
particular property may be the only holding of a small operator or

the only substantial holding of a larger operator in the area. Relin-

quishment of operation might result in the disbanding of an organi-

zation. There is sometimes the desire to be engaged in work per-

sonally as opposed to release of direction to another group that must

necessarily prorate the cost of such supervision. These considera-

tions have often led to resistance against the adoption of a pro-

gram of unit operation.

Lack of Reservoir Data

Exchange of property rights in the formation of a unit must rest

on a common acceptance of values. An unproved geologic structure

may easily be shared on an acreage basis with a sharing of the initial

costs from all of the acreage and the costs after production on the

proved productive or participating areas. However, once a reservoir
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has been proved for production additional sets of values are intro-

duced. These values are usually based on the productivity as meas-

ured by various yardsticks. These units of measurement, however

expressed, are reservoir data. The greater the amount of reservoir

data available the more improved are the chances that all owners

can accept a common measure of value based on the actual measured

characteristics of the reservoir in question. However, the lack of

adequate data has often delayed the making of an agreement. The

deficiency has sometimes been remedied by joint effort in securing

the data after a unit operation has been accepted in principle. In

other instances the lack of such data has stopped consideration, as

no common ground for agreement could be found.

Structured or Other Advantage

The basic factors that govern the migration of oil and gas are

well known, and the advantages that accrue thereby to densely drilled

tracts or to certain structural positions in some reservoirs are thor-

oughly appreciated. A structural advantage may be held by a prop-

erty located up dip in a water-drive pool, down dip in a gas-cap-

drive pool, or in a central location in a reservoir operated by both

gas drive and water drive. Under the allocation formulas some-

times employed a small tract may benefit by migration of oil from

less densely drilled surrounding tracts. In all such cases the owner

of the tract having the advantage may look askance at proposals to

share on an equal footing with others in a unit operation. In some

instances the increased ultimate recovery to be expected from the

unit operation may be more than adequate to compensate for relin-

quishment of a special advantage. In others, however, the owner

of a favorably situated property may consider it advisable to retain

his individual interest, and it may be impossible to arrive at any

mutually satisfactory basis on which he can participate in a unit

operation.

Profitable Obstructionism

The advantages enjoyed because of either structural position or

the effects of certain allocation formulas are not held lightly by some

operators. In many instances the particular advantage held by such

an owner may be greatly increased if the remainder of a reservoir

is treated as a unit and production practices are adopted that will

increase the total ultimate recovery. Such an operation may even
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increase the amount of drainage accruing to an advantageously

located tract. For example, a tract located near the top of a reservoir

may be expected to benefit appreciably from artificial pressure main-

tenance brought about through injection of water.

Instances have been known where certain operators have held out

for many times the value reasonably assignable to their property as

they foresaw the multitudinous advantages that would accrue to

them if the remainder of the reservoir were placed under a fully

coordinated program to increase the recovery. In other instances

operators have insisted that certain unreasonable factors be given

weight in the basis of participation. In most of these cases the

advantages foreseeable by an operator relate primarily to long-term

profits; however, other types of obstructionism have also been

encountered wherein owners have refused to participate In a unit

operation but have offered their property for sale at exorbitant

prices. If unit operation is to develop in the future in the construc-

tive manner that its advantages would seem to justify, all attempts

by certain individuals to take advantage of others must be firmly

resisted.

Prohibitions in Leases

Landowners have in some instances insisted on a lease provision

prohibiting the pooling of their acreage with other acreage or pro-

hibiting the mixing of produced gas with gas produced from other

lands. Such a provision effectively precludes injection of gas or use

of a central plant in which natural gasoline may be extracted, with

the residue gas returned to the properties. Although approval of the

royalty owner to a unit agreement is always desirable and is often

necessary, such prohibiting clauses in leases are often an obstruction

to the negotiation.

Widespread Distribution of Royalty

Widespread distribution of royalty or mineral interests creates a

multiplicity of problems. Such distribution generally results from

the sale of very small shares of royalty to many individuals. Often

there are an appreciable number of estates or trusts involved. The

number of people to be interviewed, the court appearances, and the

documentary costs can sometimes easily consume more time and

expense than can reasonably be devoted to securing all of the neces-

sary approvals for a unit agreement. In a sense, leases are merchant-
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able documents and, in passing from one owner to another, may
acquire not only overriding royalties but also various types of work-

ing-interest arrangements that may add to the complexity of form-

ing a unit. Carried working interests, whether for a fixed final sum

or permanent interest or payments out of net profits, are not in

themselves important hindrances, as they are obligations to be met

by the working interest itself. However, there are sometimes certain

restrictions in subleases that must be carefully studied in order to

avoid unexpected situations that might arise to the discomfiture

of all.

Mistrust

Unit operation, although not new, has not been widely enough

adopted for very many to be experienced in its application. As a

result, it has had its share of imperfect contracts and unsatisfactory

situations. Each of these has aroused criticism more appropriately

directed to the individual case than to the principle of unit operation.

The only true cure for any mistrust that may have arisen in the

past, and the only sure means of preventing mistrust in the future

is for all agreements to be based insofar as possible on a complete

and satisfactory meeting of the minds of all parties. The minority

must be heard in a unit operation; it is a union of interests joined

together not only for the common good but also for the good of each

individual who has joined in the operation. Unanimous approval of

each change in operation or each major investment is just as desirable

as is the original unanimous entry into a unit. Disgruntled participants

will not enter another unit and will not hesitate to express their dis-

satisfaction to others.

Fear of Reduced Production

Many have the notion, particularly royalty owners, that a unit

operation will result in a reduced rate of production and will thereby

cause a reduction of their current income. This feeling is very likely

a carry-over from the period prior to state regulation, when, as

pointed out in Chapter IX, cooperative development and unitization

were advocated primarily as a means of reducing excessive drilling

and preventing waste caused by wide-open production.

As has been explained, that situation has been changed. Drilling

and production are now both regulated by the states in most impor-

tant producing areas. Unit operation as now proposed has nothing
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to do with the control of production rate, that being ordinarily the

responsibility of the state ; it has as its sole objective increasing the

recovery. To the extent that a unit-operation program makes pos-

sible pressure maintenance and other operations designed to increase

recovery it has the effect of sustaining and extending the ability of

a reservoir to produce. The result is usually a higher rate of produc-

tion over a longer period than would be possible without such

operation.

It is probable that the misunderstanding with regard to this ques-

tion can be eliminated only through wider dissemination of infor-

mation regarding the behavior of petroleum reservoirs and the

requirements for increased recovery.

Legal Obstacles

In some states that have strong antitrust laws operators hestitate,

and many refuse, to enter into unit-operation agreements. In order

to encourage unit operation such states have found it necessary to

place in their conservation laws provisions permitting or requiring

unitization, or to pass separate legislation that would authorize vol-

untary pooling or unit operation, subject to certain prescribed restric-

tions.

Agreement Prior to Discovery

As appreciation of the advantages of unit operation increases it

is to be expected that such operation will eventually be considered

automatically as each new oil or gas field is discovered. The advan-

tages that accrue through unit operation may be readily demonstra-

ted and should some day become generally recognized. Furthermore,

the obstacles are predictable. It would appear that elimination of or

organization beforehand in such manner as to overcome these obsta-

cles would not only decrease enormously the time and expense

required for reaching an agreement, but would allow much earlier

application of improved operating methods.

The simplest and easiest procedure would be to enter into an

agreement prior to the drilling of exploratory wells on a suspected

structure. At such a stage the basis of participation could be devel-

oped without the introduction of demands for special consideration

of any real or fancied advantage. In such event, the unit area should

be made sufficiently large to cover the entire possible producing area.

A standard agreement with accounting procedure could be developed
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and used for such purpose. Unit operations would be facilitated if all

lease contracts were written to allow it, or, if such were inadvisable,

if they were at least so written as not to contain clauses that act as a

definite bar to unit operation.

Need for Absolute Fairness

Unit operations of oil and gas pools must from the beginning and

throughout be designed for and directed to the end of more efficient

and more economic recovery for the benefit of the individuals who
join the operation by pooling their rights to produce with the similar

rights of others. This action presupposes and demands absolute fair-

ness in the creation of the unit and throughout the operations.

The essential needs leading to unit operations are confined to the

production and recovery of petroleum. They do not extend to its

transportation, marketing, or refining, beyond such gathering and

processing as may be required to carry on the production operations,

to recover the product, and to place it in a marketable condition. No
party to a unit should request or receive any preference or special

consideration not fundamental to his rights as a producer of oil and

gas, nor should any of his rights be denied. The right of each parti-

cipant to take in kind his share of the oil, gas, condensate, natural

gasoline, or liquefied petroleum gas produced by the unit should be

absolute. It is essential, if unit operation is to continue to develop and

to find wide support as a basis for more efficient recovery of oil and

gas, that it be confined to the purpose of preventing waste and pro-

tecting the property rights of the various persons involved.

EFFECTS OF UNIT OPERATIONS

The effects of unit operations, considered broadly, should be ana-

lyzed in relation to all who have an interest in petroleum, whether

direct or indirect.

Those concerned may be divided into three groups, as follows

:

1. Those interested in the supply of petroleum but not directly

engaged in its production or deriving income directly from its pro-

duction. This group includes those engaged in transportation, refin-

ing, marketing, and distribution of oil and gas, as well as the general

public.

2. Those receiving income directly from petroleum production

but not participating in the costs of production. This group includes
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the royalty owners, and government bodies deriving income from

taxes on production.

3. Those directly engaged in the production of petroleum, who
are concerned with costs as well as returns.

As has been explained in the technical discussions in prior chap-

ters, the ultimate recovery from an oil or gas pool may be increased

by certain operating practices or may be reduced by others. The spe-

cific effect of a unit operation is to make possible through coopera-

tive action the avoidance of those production methods that cause

underground loss, and the adoption of those methods that will

increase recovery. It will facilitate the incorporation into future prac-

tices of those technical advances being made by the industry through

research and study.

If these results be taken to be the ultimate effect of unit operations

the effects on the various interested groups may be analyzed in terms

of the effects of improved recovery techniques under unit operation.

Effect on Total Supply

The concern of the first group, those not deriving income directly

from petroleum production, but more or less dependent on its avail-

ability, is with the total supply and the price. It seems reasonably

obvious that improved recovery practices will increase both the total

supply and the stability of the supply in that these methods sustain pro-

ducing capacity. The long-range effect on price should be to postpone,

through increase of the ultimate recovery from discovered petroleum

reserves, those increased costs and probable increases in price that

must inevitably come as new oil and gas reserves become more dif-

ficult to discover.

Effect on Royalty Owners and Taxing Bodies

The income to royalty owners, and revenues to taxing authorities

from severance and production taxes, depend only on the amount of

oil and gas produced, regardless of costs. Royalty income and tax

income are maintained, stabilized, and prolonged by those operations

that increase recovery. As far as the royalty owner is concerned, the

effect is not only to maintain his income at a higher level for a longer

period than he could expect without unit operation, but also to pro-

tect his income from the risks associated with individual operation.
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Effects on Producers

The same profit incentive that leads an operator into the petroleum

industry, to engage in the search for and production of petroleum,

leads also to unit operation. Unless it can provide a profit, it has no

appeal, for it is not good business. For the producer this profit

incentive comes from three directions. To the extent that through

unit operation ultimate recovery of oil is increased, the result is the

same as if the exploratory and development wells had discovered a

greater reserve of oil in the same property. To the extent that prop-

erty rights are safeguarded over the life of an operation, values in

the enterprise are stabilized and there is removed an element of risk

associated with individual operation, under which adverse drainage

or other effects of individual development might lead to premature

depletion and abandonment of any particular property. To the extent

that development and operating costs are reduced, the effect is as

direct, immediate, and tangible as would be a mechanical improve-

ment that suddenly reduced the cost of drilling.

By way of summary, the net effect on the producer is a greater

total return, a higher sustained rate of return, and a protection of

return. Economies are effected that may or may not reduce total

costs, but that permit the necessary expenditures in other producing

facilities required to obtain the expected greater return.

For example, efficient recovery requires a great deal of fundamen-

tal reservoir data. Such information is often expensive. Such pro-

ducing facilities as a cycling plant, or plants for injection of water

or gas to maintain reservoir pressure, often require large invest-

ments. In a unit operation the savings that may be made through

elimination of unnecessary wells may provide the capital for such

investments. Cycling plants and pressure maintenance plants are very

effective substitutes for unnecessary wells, in that they can be used

both to sustain production rates and to increase the total recovery.

The operating economies that may be effected through unit opera-

tion are important not only as items leading to cost reduction, but

have an independent effect on the total recovery. As has been

explained in earlier chapters, complete recovery from a petroleum

reservoir is never obtained, the extraction always ceasing when the

economic limit is reached. In the final analysis one process is more
efficient than another merely because it permits the depletion to be

carried to a more advanced stage before rising costs and dwindling

income force the operation to cease. Thus, an operating economy

295



always increases ultimate recovery, in that whatever process is

employed has its life correspondingly extended.

The stabilization and maintenance of production rate that may be

obtained through a unit operation contribute in other ways to profit-

able conservation. For example, they may make feasible the extrac-

tion of natural gasoline and the marketing of casinghead gas through

the profitable investment of capital in the required facilities where a

less stable and more uncertain supply of gas would not warrant its

processing and might make it an unattractive supply to a purchaser.

The effects enumerated all apply to the total return or the total

costs involved in an entire pool. Their net effect, in the aggregate, is

to make the operation as a whole more profitable than would be the

aggregate effect of individual operation of each property. The total

incentive is rather clearly obvious. Whether each individual produ-

cer can see such an incentive in the light of his own circumstances

is not necessarily obvious. If no particular producer has any unusual

advantage through special circumstance over others in the same pool

it would seem reasonable to presume that the individual advantage

and the common advantage would be much the same. Under certain

special circumstances the peculiar advantage held by an individual

may be so great that it is difficult for him to find a personal incentive

in a unit operation. However, in a whole pool the stakes are usually

large, and the aggregate advantages obtainable through unit operation

are often quite great. Where such a situation exists it seems reason-

able to presume that the individuals involved will usually be able to

develop a basis of participation that will provide sufficient incentive

for each to cause him to enter a unit as a matter of sound business.
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INDEX

Accumulation of oil and gas in reser-

voirs, 68

Acreage, allocation based on, 262

basis participation in unit operation,

283

Allocation of production
acreage basis, 262
among fields, 251, 255

difficulties, 258
early approaches, 260
New Mexico, 262
potential basis, 260
principles governing, 251, 256, 272

recoverable oil basis, 256
unit basis, 261

well basis, 260

Allowables, transfer, 279

American Association of Petroleum Ge-
ologists, 14, 70

American Bar Association, Section of

Mineral Law, 251

American Gas Association, 29, 37

American Institute of Mining and Met-
allurgical Engineers, Petroleum
Branch, 14

American Petroleum Institute, 14, 15,

37, 195
declaration of policy on allocation of

production, 256
Special Study Committee on Well

Spacing and Allocation of Pro-
duction, 209, 256, 258

Aquifer, large needed for pressure main-
tenance by water drive, 205

Arkoses, 61

B

Basaltic lava, 66

Bedding planes, 50

Big Lake oil field, reservoir space, 52

Bottom water, 71

Bradford field, water flooding, 47, 187

Breccias, 60

Bubble point, 89

Buoyancy, 132, 137

Cable tools, conditions preventing discov-

ery of oil, 78
early exploration, 78

Capillary pressures, 123

Casinghead gas, 32, 87

Chalk, 65

Checkerboard Limestone, 51

Clastic rocks, kinds, 57
pores, 50

Coal, consumption, United States, 43, 44
conversion processes, reason for inter-

est, 41

possibilities of synthetic gas and motor
fuel, 43

Commercial and non-commercial accu-
mulations of petroleum, 49

Competition, effect, 13

Completion of oil wells, 168

Condensate, characteristics, 106

definition, 115

formation, 105

recovery processes, 177, 244
surface recovery, 106, 110
yield from reservoir gas, 109

Conglomerates, 60

Connate water, content in reservoir rock,

58, 59, 61

definition, 58, 71

distribution in reservoir. 113, 124

importance, 85
measuring, 76
wetting agent, 125

Conservation (see also Regulation or

Waste)
accomplishments, 13, 45, 252
conflicts re property rights, 248, 268,

271,276
cooperation, 10, 13, 276

essential, 14, 272
definition, 6
erroneous concept, 1

future, essentials, 13, 46
growth of movement, 250
incentive for, 6, 10, 46
public interest, 253
relation to future supply, 253
regulation. See Regulation
responsibility for, 10

technical requirements, 10

Consumption of coal, United States, 43,

44

Consumption of natural gas, United
States, 30, 31, 43, 44

Consumption of oil, United States, 26.

30, 31, 43, 44
world, past and present, 26

Conversions of hydrocarbons, 4, 40
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Cooperative development (see also Unit
Operation)

conflicts to be settled, 276
exchange of technical information, 278
integration of ownership, 280
joint ownership of facilities, 280
need for, 276
production practices, 279
purposes, 277
transfer of allowables, 279

Cores, oil reservoir, 72, 75
representative of oil-producing forma-

tion, 126

Coring, 79

Costs, development, 22, 24
finding, 22
operating, 22

Critical pressure, 88, 103, 115

Critical temperature, 88, 103, 115

Crude oil. See Petroleum or Oil, also

Reservoir Fluids

Cycling, definition, 180
electric models of sweep patterns, 246
factors affecting recovery, 245
flushing efficiency, 180, 247
in gas cap, 268
mechanics, 180
reasons for, 244
suitable formations, 247
sweep patterns, 246
unit operation required, 247, 270

Darcy's law, 124

Demand for oil, 26
market. See Market Demand

Dew point, 89

Discovery of oil, detection from cores, 79
early days, 77
methods for, 79
reserves, U. S., history, 15

Dissolved-gas drive, 120, 127

M.E.R^ under, 152
mechanism, 127
pressure maintenance. See Pressure

Maintenance
ultimate recovery inefficient, 130

Doherty, Henry L-, 274

Dolomites, 64

Drill-stem tests,

East Texas field, migration of oil under
pressure maintenance, 237

transfer of allowables, 279
under -saturated oil in, 93

Edge water, 71

Efficiency indexes, recovery of oil, 171

Electric log, 73, 79

Energy resources, importance oil and
gas, 43

Exploration basis of petroleum indus-
try, 1

Fault fractures, 51

Federal Oil Conservation Board, 250, 274

Fischer-Tropsch process, 43

Fissures in rocks, 51

Flash vaporization, gas in reservoir oil,

95

Florence oil field, reservoir space, 52

Flow, reservoir fluids, conditions affect-

ing, 117-140

water in reservoir, mechanism, 204

Formation volume factor, 96
effect on oil recovery, 114

Fuels, conversions, 4
mineral, United States, consumption,

43

Gabbro, 66

Gas (see also Natural Gas), definition,

85

Gas cap, 93, 115

Gas-cap drive
definition, 121

flushing efficiency determination, 174

gravity drainage, 221
process, 130

Gas drive (see also Dissolved-gas
Drive), artificial, efficiency over

dissolved-gas drive, 230
artificial, for pressure maintenance,

183, 217
in secondary recovery, 183, 190

mechanism, 139

horizontal, definition, 226
economic limitations, 230
low-pressure vs high-pressure, 227

mechanism, 226
processes, 226

Gas-oil ratio, effect of structure of oil

pool, 218
index to recovery by gas drive, 192

index to recovery efficiency, 172

Gasoline, natural, 37, 86

Gas pool, definition, 80
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Gas reservoirs, condensate recovery, 177,

244
pressure maintenance. See Pressure

Maintenance
recovery processes, cycling. See

Cycling
expansion, 175

water drive, 176

Granite, 66

Granite wash, 61

Gravity, effect on oil recovery, 122

Gravity drainage of oil with gas-cap

drive, 221

Gushers, 52, 77

H

Hardwicke, R. E., 250

Hawkins pool, pressure interference in

water drive, 206

Homer field, oil movement on fault

planes, 51

Hydrocarbons, natural, 4
petroleum, phase behavior, 85

synthetic, 4

Igneous rocks, 66

Industry. See Petroleum Industry

Interfacial tension, definition, 99
effect, 123

Interstate Oil Compact Commission, 14

Joints in rock, 51

Lahee, F. H., 80

Limestone, 64

Liquefied petroleum gas, 37, 86

Liquid, definition, 85

M
Market demand, definition, 12
need for restriction of production to,

11

Maximum efficient rate of production,
151-163

definition, 152
M. E. R., 152

under dissolved-gas-drive, 152

class 1 dissolved-gas-drive pools, 153

class 2 dissolved-gas-drive pools, 156
class 3 dissolved-gas-drive pools, 158

under gas-cap drive, 158
under water drive, 161

Metamorphic rocks, 66

Methane, 37, 86, 101

conversion to gasoline, 41

Migration of gas, effect of pressure
maintenance, 244

Migration of oil, effect of pressure
maintenance, 237

problem in conservation, 8, 249, 257

Models, electric, sweep patterns for

cycling, 246

Motor fuel, from natural gas, 41

synthetic, from coal, 43

N

Natural gas (see also Gas and Reservoir
Fluids), casinghead, 32, 87

condensate recovery, 177, 244
condensate yield, 109
consumption, U. S., 30, 43
conversion into liquid hydrocarbons,

efficiency, 42
dissolved in oil, 94

differential liberation, 95
flash vaporization, 95

dry and wet, 87, 104

free in reservoir, 93
fuel value, 35
interrelation and interconversion to

oil, 40
marketed production increased by pipe

lines, 30
production, U. S., amounts, 29

recent history, 37
recovery processes, cycling. See

Cycling
expansion, 175

water drive, 176

separation from reservoir liquids, near-

critical phases, 115

synthetic, possible from coal, 40, 43
synthesis of liquid hydrocarbons, 41

use in field, 39

Natural gas liquids, reserves, 37

Natural gas reserves, associated with
oil, 2

United States, distribution by type of
occurrence, 33

estimates, 33
outlook for development and revi-

sion of inventories, 39

Natural gas resources, 29-45
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Oil (see also Reservoir Fluids), con-

sumption, United States, 26, 30, 43

consumption, world, past and present,

26

in stock tank, formation volume fac-

tor, 96

shrinkage factor, 97

interrelation and interconversion to

gas, 40

Oil field, definition, 80

Oil lands, integration in cooperative de-

velopment, 280

ownership, 7

Oil pool, definition, 80

Oil pools. See Oil Reservoirs

Oil recovery

artificial stimulation, 183

capillary pressure, 123

development of science, 118

difference from oil production, 117

displacement mechanisms, 120
effect of gravity, 122

effect of pressure maintenance, 207,

220, 227

effect of viscosity, 99

efficiency indexes, 171

efficiency, basic essentials, 141

efficient operation of reservoirs. See
Oil Reservoirs

flow governed by compressibility of
oil-gas mixture, 120

fluid saturation of rock, 123

fundamentals, 117-140

gravity effect, 122

migration of oil, effect of pressure
maintenance, 237

pressure maintenance. See Pressure
Maintenance

primary, 184

processes. See Oil-recovery Processes

relative permeabilties, 124

reservoir pressure, 119
stripper wells, 182

secondary. See Secondary Recovery
structural advantage, 238
surface effects and multi-phase flow,

122

technical problem, 117
reservoir engineering, 118
ultimate effects of well density, 163

water influx, natural drive, 121

wetting phenomenon, 125

Oil-recovery processes, artificial, defini-

tion, 126

depletion vs displacement, 142

dissolved-gas drive, basic require-

ments, 127
calculating recovery, 129
definition, 121

efficiency, 128, 129

mechanism, 121, 127

vs gas-cap or water drive, 141

gas-cap drive, basic requirements, 130
buoyancy, 132

definition, 121

effect of gravity drainage, 221
effect of pressure maintenance, 220
efficiency, 134
mechanism, 121, 131

reservoir pressure decline, effect, 133

vs dissolved-gas drive, 142

natural, definition, 126

water drive, basic requirements, 135

buoyancy, 137

effect of reservoir pressure decline,

138

effect on migration of gas, 244
effect on migration of oil, 237

efficiency, 139
mechanism, 136

natural, definition, 122

Oil reserves, control rate of produc-
tion, 2

estimated proved, United States,

1949, 2
world, 28

estimated recoverable by secondary
methods, 194

equivalent in form of gas, 41

finding and developing costs, 22

production and discovery history,

United States, 22
proved, types of estimates, 18

United States, annual record, 15-22

estimates, 2, 15-22

Oil reservoirs (see also Oil Recovery,
Oil-recovery Processes, Pressure
Maintenance in Oil Reservoirs,

Secondary Recovery), 117-174,

182-194, 196-242

boundaries, testing for, 72
control of recovery, basic question, 149

basic requirements, 150
efficiency indexes, 171

function of wells and well spacing,

163
maximum efficient rate of produc-

tion. See Maximum Efficient Rate
of Production

standards of efficiency, 170

well-completion methods, 168

efficient operation, depletion vs dis-

placement, 142

detection of dominant drive, 144

prediction of future dominant drive,

147
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quantitative analysis, 145

reservoir as producing unit, 141

volumetric balance, 143, 201

pressure maintenance. See Pressure
Maintenance

recoverable oil, 170
residual oil saturation, 171

water influx, calculation of rate, 202

Oil resources, 15-29. See Oil Reserves,

Production, etc.

Oil shales, 4

Oil-water boundaries, reservoirs, 72

Oil wells, completion, methods, 168
density, effect on ultimate oil recovery,

163
functions, 163

spacing. See Well Spacing
structural location for efficient recov-

ery, 166
Oolites, 62

Ownership of oil lands, integration in

cooperative development, 280
United States, 7

Ownership of oil underground, 7

Panuco oil field, reservoir space, 52

Permeability, definition, 55
measurements, 55, 126

relative, 124

Petroleum (see also Reservoir Fluids),

accumulation, 68; composition, 3,

86
determination of amount in reservoir,

114
production (see also Production of Oil

and Gas), United States, recent
history, 37

source of power, 3

Petroleum Administration for War, 18,

264

Petroleum industry, basis, 1

business enterprise, 1

costs, 22
future, 3, 5

progress, essentials, 13

raw materials, 3

Petroleum reservoirs. See Gas Reser-
voirs, Oil Reservoirs, and Res-
ervoirs

Phase boundaries, reservoir fluids, 89

Phase diagrams, reservoir fluids, 87
reservoir gas, 101, 103

Pipe lines, effect on production of nat-

ural gas, 30
Pooling, definition, 280

of small tracts, 264

Pores in rocks, 50

Porosity, petroleum reservoirs, 50

Potential, oil wells, allocation based on,

260
definition, 260

Pressure connection, petroleum reser-

voirs, 81

Pressure maintenance in gas reservoirs,

cycling. See Cycling
reasons for, 242
by water drive, 243

Pressure maintenance in oil reservoirs,

by gas cap, essentials, 216
by gas injection, 183, 217, 220
by gravity segregation of dissolved

gas, 218
by horizontal gas drive, basic consid-

erations, 226
low pressure vs high pressure, 227

by natural water drive, interference

between pools, 206
large aquifer needed, 205
mechanism, 198
necessary conditions, 197
quantitative determination of de-

gree, 201

water flow, mechanism, 204
water influx, calculation of rate, 202

by water injection, 183, 206
definition, 183

East Texas field, 237
economic advantages, 210, 223, 232
effect on oil recovery, gas-cap shrink-

age in water drive, 212
gas drive, with gravity drainage, 221

horizontal gas drive, 226
water drive, artificial, 210
water drive, natural, 207

index of efficiency or necessary con-

dition, 196
limitations, 235
migration of oil, 237
water drive, injection of gas, reasons

for, 215
with gravity drainage, gas-cap drive,

221
injection of gas, 225
rate of production, 225

Prices, relation to supply and demand, 2

Prices, distress, cause and effect, 12

Production of natural gas^ United
States, amounts, 29

recent history, 37

Production of natural gas liquids, recent

history, 38
Production of oil, continuity depends on

exploration, 2
flush, 182
future supply, 3
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growth due to technologic progress, 45
limits on rate, 1

maximum efficient rate. See Maxi-
mum Efficient Rate of Produc-
tion

need for control of rate, 10
recent history, 37
restriction to market demand. See

Market Demand
stripper, 182
wide-open as cause of waste, 9, 250
United States, annual since 1900, 15

by states, 1950, 19

cumulative since 1859, 15

present rate, 15

world, cumulative, 28
distribution in 1949, 28

Professional societies, role, 14

Profits, required for exploration and de-
velopment, 2

Quartzite, 68

Radioactive log, 79

Recoverable oil, 170

Recovery. See Oil Recovery

Reed City pool, water encroachment, 52

Regulation
allocation. See Allocation of Produc-

tion

authority for, 10
conflicts re property rights, 256, 268,

271, 272, 276
control of reservoir, 11

deficiencies, 270
evolution, 250, 255
need apparent, 9, 249
objectives and requirements, 255, 272
protection of property rights, 251, 255
restriction of drilling, 261
restriction of production, 10, 250, 255

to market demand, 11

special problems, 257-270
condensate reservoirs, 269
excessive drilling, 261, 263, 265
oil migration and structural advan-

tage, 257
pools with gas overlying oil, 267
small tracts, 262
wells, 259

technical and administrative require-

ments, 10, 251, 257
unit operation needed as supplement,

269, 272, 274
waste-prevention statutes, 9, 251, 256

Repressuring, 191

Reserves. See Oil Reserves, Natural
Gas Reserves

Reservoir engineering, definition, 118
development, 118

Reservoir fluids, characteristics, 85-116
determination of oil and gas in place,

113
distribution, 112
effect of initial reservoir conditions,

111

gas, composition, 107
condensate formation, 105
condensate yield, 109
density and expansion, 108
determining composition, 107
dissolved, 94
dry and wet, 87, 104
free, 93
pertinent properties, 106
phase behavior, 101

phase diagrams, 103
sampling, 107
state, determining, 108
water vapor content, 111

gas cap, 93, 115

mutual solubility of oil and gas, 101

near-critical phases, 115
oil, calculation of properties, 97
change during production, 98
composition, 92
gas dissolved in, 93, 94

liberation, 94
pertinent properties, 91

sampling, 91
saturation pressure, 92
stock tank measurements, 96

petroleum, phase behavior, 85
phase boundaries, 89
phase diagrams, 87
retrograde condensation, 102

states of matter, 85
separation of liquid from gas, 115

state in reservoir, 89
temperatures, 97
two-phase reservoirs, 115

Reservoir pressure, 111, 119

Reservoir pressure decline, effects, in

dissolved-gas drive, 128

effects, in gas-cap drive., 133

in water drive, 138

on properties of reservoir oil and
gas, 98-100

index to recovery efficiency, 172

Reservoir rock (see also Reservoirs),

arkoses, 61

basaltic lava, 66
chalk, 65
characteristics, determining, 74

clastic, 57
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conglomerates and breccias, 60
granite, 66
granite wash, 61

igneous, 66
limestones and dolomite, 64
metamorphic, 66
non-clastic sediments, 64
oolites, 62
quartzite, 68
sands and sandstones, 58
schists, 66
serpentines, 67
shales, 63
silts and siltstones, 57
space. See Reservoir Space
storage space, 48
tuffs, 63

Reservoir space. See also Reservoirs
bedding planes, 50
contents, 71
determination of amount of, 76
faulted rocks, 51

fissures, 51

joints, 51

pores and porosity, 50
rock. See Reservoir Rock

Reservoirs, boundaries, testing for, 72
cap, 48
commercial and non-commercial, 49
contents, 71
definition, 48
discovery methods, 77
earth pressures, 111, 119
fluids. See Reservoir Fluids
free gas in, determining, 76
gas. See Gas Reservoirs
multiple layers in, 81

oil. See Oil Reservoirs
saturation as measure of fluid con-

tent, 123
single oil pool, recognition, 81

space. See Reservoir Space
storage space, 48
study essential, 47
temperatures, 111

traps, 48, 70
two-phase, 115

Residual oil saturation, 171

Retrograde condensation, 102

Rotary drilling, 78

Royalty, 7
widespread distribution obstacle to

unit operation, 290

Rule of capture, 248

Sands and sandstones, 58

Salt Creek field, water encroachment, 52

Saturation, measure of fluid content of
reservoir rock, 123

Saturation pressure, 92

Schists, 66

Serpentines, 67

Secondary recovery, 182-195

areas in which applicable, 186
conditions detrimental, 184
definition, 184
development expense, 187
gas injection (repressuring), 190
limitations, 193
oil economically recoverable, estimates,

194
reference literature, 195
selection of pools for, 184

water flooding, discovery of use, 47
mechanism, 139, 188
pressure maintenance, 207, 210
well patterns, 187
well spacing, 186

Shales, 63
oil, 4

Shaw, E. W., 29

Shrinkage, gas cap, 212
factor, definition, 97

Silts and siltstones, 57

Solid, definition, 85

Stock tank, formation volume factor, 96
shrinkage factor, 97

Stratton field, transfer of allowables, 279

Stripper stage in oil production, 182

Structural advantage, concept, 238
obstacle to unit operation, 289
problem in conservation, 257

Synthetic fuels, 4, 40-43

Synthetic lubricants, 4

Technical information, exchange, 14,

278

Traps, 48, 70

Tuffs, 63

U

Sampling, reservoir gas, 107
reservoir oil, 91

Unitization, definition, 281

Unit operation (see also Cooperative De-
velopment), agreement prior to

discovery, 292

303



aid in conservation, 259, 264, 267, 269,

270, 272
cycling of gas reservoirs, 247
definition, 281
earlier recognition of advantages, 274
effects, groups concerned, 293
on producers, 295
on loyalty owners and taxing bodies,

294
on total supply, 294

equitable in repressuring, 191

for efficient oil recovery, 242, 275
formation of unit, 281
obstacles, 287
participation bases, acreage, 283

oil or gas in place, 284
recoverable oil or gas, 284
value of oil and gas, 285

purposes, 277
reexploration needed for present con-

ditions, 274
sharing costs, 285

U. S. Bureau of Mines, 30

U. S. Geological Survey, 15, 29

Viscosity, definition, 99
Volumetric balance, concept, 143

data required for, 144

uses, 143
for calculation of water influx, 201

for determination of flushing ef-

ficiency, 174

for determination of gas-cap shrink-

age, 215
for prediction of reservoir behavior,

147
for quantitative analysis of reser-

voir behavior, 145

w
Waste of oil and gas (see also Conser-

vation), aboveground, 9, 11, 248
casinghead gas, 32
causes, 7, 9, 248
prevention, 10

slight in dry-gas reservoirs, 269
underground, 9, 11, 265

Water drive
artificial, 139

secondary recovery, 187
completion of wells, 169
delayed, 200
determination of flushing efficiency,

174
effect of reservoir pressure decline,

138, 207, 210
efficiency of oil recovery, 139
gas cap shrinkage, 212
location of wells on structure, 166
maximum efficient rate of production,

161

mechanism, 135, 204
mechanism of oil displacement, 136
migration of gas, effect on, 244
migration of oil, effect on, 237
natural, definition, 122
pressure maintenance by. See Pres-

sure Maintenance
quantitative analysis, 145
qualitative detection, 144
recovery of condensate by, 179
recovery of gas by, 176
requirements for, 135
structural advantage under, 238

Water encroachment, 52

Water flooding, discovery of use, 47
mechanism, 139, 187
pressure maintenance, 210
well patterns, 187, 210
well spacing, 188

Water-oil ratio, measure of recovery ef-

ficiency, 173

Well potential, definition, 260

Well spacing, function in control of pro-

duction, 163

in water flooding, 188

West Edmond oil field, reservoir space,

52

Wetting, effect in oil reservoir, 125

Wilson, W. B., 70

Woodbine formation, Texas, pressure

interference in water drive, 206

Zwolle oil field, reservoir space, 52
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